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CRYSTALS AND SEMICONDUCTORS

- UDC 539.2

PRINCIPLES OF THERMODEPOLARIZATION ANALYSIS

Moscow OSNOVY TERMODEPOLYARIZATSIONNOG(® ANALIZA in Russian 1981 (signed to press
3 Mar 81) pp 2-8

[Annotation, preface and table of contents from book "Principles of Thermodepolariza-
tion Analysis', by Yuriy Andreyevich Gorokhovatskiy, Izdatel'stvo '"Nauka", 2800
copies, 176 pages]

[Text] The monograph contains a systematized exposition of the theory of thermo-
stimulated depolarization and the method based on this phenomenon for studying
electrophysical properties of dielectrics, semiconductors, and also various devices
and components of integrated circuits that contain such materials. The principal

_ capabilities and fields of application of the method of thermostimulated depolari-
zation are pinned down. A special section deals with exposition of the peculiari-
ties and "stumbling blocks" of the experimental technique. Modifications of thermo-
depolarization analysis are described--thermostimulated depolarization under con-
ditions of self-consistent and fractional heatirg, which can appreciably improve
the information content of the method. An extensive bibliography is presented

on thermostimulated depolarization.

Figures 47, table 1, references 32!.

Preface

The method of thermostimulated depolarization (TSD) has found extensive application
in recent years in the investigation of electrophysical phenomena In semiconductors,
dielectrics, and also in a variety of devices and elements of integrated circuits
mada on the basis of such materials.

The T3D method attracts researchers by its high informativeness combined with com-
parative simplicity of hardware realization and processing of experimental data.
However, it is not always that this method is effectively used to the full extent
of its capabilities; in some cases the experimental technique is misused, and the
experimental data are improperly interpreted. These negative tendencies are due
both to a lack of the necessary analysis of the theory of the physical phenomenon
of TSD, and to jnavailability of special literature on the experimental methods

of TSD.

In monographs dealing with thermoactivation spectroscopy, which includeé the TSD
method, this technique has remained practically unanalyzed with the exception of
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a recently published book by V. N. Vertoprakhov and Ye. G. Sal'man [Ref. 49]. This
situation can be attributed first of all to the fact that the TSD method began

to be intensively used only in the late sixties, and secondly to the fact that
until recently it has been used primarily only in research on the electret effect
[Ref. 91, 118, 129, 310], in which the first attempts have been made at outlining
the theory and experimental methods of TSD.

However, because of the topical thrust of this research, the TSD method has been
superficially treated, and as a rule from a quite specific utandpoint (in both
theory and experiment).

In this book the author has set himself the task of more detailed and systematic
analysis of the theory of the phenomenon and experimental technique of TSD for

the purpose of further development, explanation of fundamental peculiarities, capa-
bilities and drawbacks of the method of thermostimulated depolarization.

The book consists of five chapters.

The first chapter piesei.ts the essence of the TSD effect, and of the technique
based on this eifect for studying electrophysical properties of dielectrics and
semiconductors. The author describes processes of polarization that take place

in objects that contain polar defects and free charge zarriers. The class of phe-
nomena is pointed out for whih the TSD method can be used in research, the advan-
tages that the TSD method has over other techniques usualiy used for these purposes
#~> enumerated. A Bibliography is given under headings of years, subject matter

ad scientific collectives. A sample of terminology is presented at the conclusion
of the first chapter.

The second chapter examines the elementarv theory of TSD of homogeneous material
(semiconductor or dielectric) that contalas a single kind of electrically active
defects. An onalysis is made of electronic and ionic processes associated both
with orientation and with space~charge polarization. Expressions are derived that
describe the TSD current for different models of charge migration and ionization.
The author discusses the ways that the behavior of curves for TSD current is in-
fluenced by cuaditions of the contacts (blocking or non-blocking electrodes), equi-
librium conductivity and disruption of electrical neutrality of a specimen. A

list is given of research papers on TSD in which an examination is made of different
limiting cases and approximations.

In the third chapter, a brief examination is made of the major methods of analyzing
experimental curves to determine the paraueters of electrically active defects
(concentration, activation energy, frequency factor). An estimate is made of the
errors of the methods that are considered. A technique is described for determin--
ing the nature of the polarization process from TSD curves by varying the conditions
of polarization of the object.

The content of the first three chapters is essentially an introduction to thermo-
depolarization analysis, providing the requisite theoretical and procedural basis
fur going further into the specifics of the theory and the experimental technique
with more complicated objects, as presented in the fourth and fifth chapters.
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In particular, the fourth chapter examines the way that curves of TSD current are
influenced by quasicontinuous energy distribution of electrically active defects
in the object. A method is described for evaluating the parameters of this distri-
bution from the initial section of the TSD current peak. Results are given on

the use of computers for calculating TSD current curves in the case of a still
more complicated model of the dielectric (semiconductor) object with two-dimen-
sional quasicontinuous distribution of electrically active defects with respect

to activation energy and with respect to frequency factor. Possible causes of

the phenomenon of TSD current inversion frequency observed in experiments are dis-
cussed. In addition, the fourth chapter examines the phenomenon of repolatization
in the internal electric field, the strong internal field effect, association and
dissociation of complexes of electircally active defects, and their influence on
the TSD current curves.

The fifth chapter describes some modifications of thermodepolarization analysis
--TSD under conditions of self-consistent and fractional heating~-which considerably
increase the information content of the method and reduce ambiguity in the interpre-
tation of experimental data. It is shown that the use of self-consistent heating
enables determination of the order of the kinetics of the relaxation process, and
accordingly affords unambiguous calculation of the activation energy and frequency
factor of electrically active defects. Use of the fractional heating state enables
. reconstruction of the behavior of the distribution of electrically active defects
with respect to activation energy or frequency factor, as well as establishment
of the fact of existence of bivariate distribution. An examination is made of
. the question of choosing the optimum mode of fractional heating that minimizes
measurement error while maximizing the resolution of the method. At the end of
the chapter, a brief survey is given of different complexes of methods of studying
dielectrics and semiconductors, including the TSD method, and their capabilities
are analyzed.

The experimental data used in the book serve as an illustration of the theoretical
principles and experimental technique of thermodepolarization analysis. An exten-—
sive survey of experimental material on investigation of some inorganic subscances
and compounds by methods of thermeactivation spectroscopy, and in particular by
the method of TSD, can be found in Ref. 49.

The book is based on the results of studies done with direct participation of the
author. A list of fundamental and additional literature is given. Th« additional
literature is given as an aid to the reader for more detailed and complete acquain-
tance with some questions that are onl; touched upon in the text, but are not taken
up in depch because of the limited scope of the book.

The author considers it his pleasant duty to thank the penple at the Scientific
Research Institute of .Solid State Physics of Latvian State University imeni P,
Stuchka and the Physics Department of Moscow Institute of Electronic Machine Build-
ing, who were of help to the author in his studies, and who also took part in dis-
cussing the results of these studies.

The author is particularly grateful to associate members of the USSR Academy of
Sciences G. A. Smolenskiy and Yu. A. Osip'yan, as well as to Candidate of Physical
and Mathematical Sciences E. L. Lutsenko for thorough and extremely useful analysis
of the manuscript of the book during its review.
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The author owes a debt of thanks to doctors of physical and mathematical sciences,
professors A. N. Gubkin and Yu. R. Zakis, and to Candidate of Physical and Mathe-
matical Sciences, Docent V. E. Eirap, who acquainted themselves with the manuscript
of the book and made a number of constructive comments.
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ELECTRICITY AND MAGNETISM

UDC 621.373.1
INERTTAL PILE-DRIVER ACCUMULATOR FOR PRODUCING HIGH-ENERGY ELECTRIC PULSES

Moscow PRIBORY I TEKHNIKA EKSPERIMENTA in Russian No 3, May-Jun 81 (manuscript
received 22 Feb 80) pp 199-201

[Article by V. N. Kunin, V. V. Dorozhkov and M. V. Sergeyeva, Vladimir Polytech-
nical Institute]

[Text] A pulse generator is described that consists of a DC
electromagnet with armored magnetic circuit, and a working coil.
Pulses are generated when the electromagnet falls into a coaxial
coil. Mass of the facility is four metric tons, and the maximum
height to which a 1350 kg electromagnet is raised is nine meters.
The facility generates bell-shaped current pulses with energy of
up to 50 kJ and duration of 50-100 ms.

An inertial accumulator is described below in which the kinetic energy of a falling
electromagrat is converted to the energy of an electric pulse [Ref. 1]. The accumu-
lator is a system that consists of a DC electromagnet with armored magnetic circuit
and a coaxial working coil. When the electromagnet falls into the coil, an electro-
motive induction force arises that is closed to a low-resistance active load.

The magnetic circuit of the electromagnet is cast from grade St.20 steel, has an
outside diameter of 930mm (Fig.l [photo not reproduced]) and masses 1350 kg. The
magnetizing coil contains 125 turns o copper wire with 50 mm? cross section.
Experiments have shown that the leakage coefficient of the magnetic fieldis 1.,5-1.7.

In the accumulator the electromagnet moves under the force of gravity along guide
columns by means of centering rollers on bearings. The columns are mounted on

a foundation that also carries the working coil. The fa-ility is fastened on

a concrete base with shock-absorbing layer of wooden beams. The electromagnet

is raised by a winch with electric drive. The hoisting cable is equipped with

a lock that permits release of the electromagnet from the cable at a predetermined
height. The operation of the facility is remotely centrolled from a panel situated
in a laboratory. The mass of the facility is four metric tens, and the height

to which the electromagnet can be raised is nine meters.

Fig. 2 shows oscillograms of the current and voltage across an active load, produced
by the K-115 light-beam oscilloscope. At a magnetizing current of 400 A, voltage

of 30 V and height of elevation of the electromagnet of 2.0 m, the current pulse
amplitude was 3kA at voltage of 100 V. Pulse duration was 0.11 s, and the energy
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Fig. 2. Oscillograms of current I and
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Fig. 3. Energy W released in load as a
function of load resistance R

released in the load was 10.1 kJ. Thus the coefficient of amplification with re-
spect to electric power in this experiment is equal to 25. This parameter reaches
90 in experiments with maximum heights of magnet elevation.

The coefficient of conversion of accumulated mechanical energy to the energy of

an electric pulse is 38%. The load resistance and resistance of the working coil
are approximately equal (maximum power mode), and therefore about 407 of the stored
energy is released in ihe working coil as heat. The remaining 227 of the energy

is mechanical losses and losses in the connecting wires.

The efficiency of the pile-driver accumulator also depends on losses associated
with residual kinetic energy of the falling magnet. Actually, generation of the

- minimum attainable working voltage necessitates a certain residual velocity

of the magnet vyeg relative to the working coil, and therefore energy mv%ESIZ is

expended, where m is the mass of the magnet. For example when the accumulator

is used for feeding arc sources, the arc is extinguished at a voltage where

. Vies™ 0.2v ax [Ref. 2], and the losses amount to 4%. Quenching of v,,, requires

) transfer o? momentum P=mv,.og from the magnet to the base by inelastic impact.
If the braking path is about 10% of the working stroke, then in case of triangular
shape of the generated pulse a constant force is required that is equal to half the

6
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maximum working force of 100 metric tons. Such a force can be easily provided

by brakes of various designs, such as a rubber bumper. However, the construction

fust provide for accident prevention in case the working electric circuit is rup-—

tured, when all the energy accumulated by the magnet is transferred to the base.

In this case the braking force is five times the maximum working force. Experience

- has shown that the required conditions are met by a lead crusher 100 mm in diameter
and 80 mm high that spreads out between the flats of the base and the magnet upon

; impact. Energy of 1.2 kJ is expended on deformation of such a crusher by 90%,

- ensuring efficient braking under extreme experimental conditions.

The base of the accumulator is the same kind of electromagnet as the werking unit,
but turned through 180°. Shorting of its coils ensures efficient braking of the
working magnet on the concluding segment of the working stroke, when the working
magnet begins to induce magnetic flux in .he base. The force of electromagnetic
braking is proportional to the velocity of approach of the working magnet and base,
which is favorable with regard to extremum situations when the approach takes place
at Vmax-

When the magnet strikes the base, a seismic wave arises that represents a certain
danger to brick structures. Therefore the accumulator is situated at a distance
of 30 m from the laboratory.

To reduce the power of the seismic wave, the base of the accumulator in the ground
bears on the foundation through a wooden floor 50 mm thick. The foundation is
built up of concrete blocks with total mass of 1l metric tons buried in the ground
and laid on a sandstone bed. To reduce losses on formation of the pulsed magnetic
field around the wires of the working circuit, and to alleviate the danger of harm-
ful action of this field on the health of experimental workers, the forward and
return working wires are stretched over the entire length in direct proximity to

- one another.

- The pulse power under conditions of maximum generator power is determined by the
- expression

N = 2B")2Vp/p|

where B is the induction in the working gap, v is the velocity of magnet motion,
Vp is the volume of copper in the working coil and p is resistivity.

A disadvantage of a converter of this type is that the magnetic circuit is open
before the working stroke begins. As a result, the tctal reluctance of the magnetic
circuit includes the reluctance of an air gap equal to the width of the working

coil (in our converter Al =150 mm), which appreciablyreduces the working value

of B, and as a consequence the power of the resultant pulse.

- Among the advantages of this design is moderate sensitivity of accumulator current
pulse parameters to the magnitude of the external load. Fig. 3 shows how the energy
released in the load depends on ioad resistance. In the experiments that yielded
this curve, H=2 m, and the current in the magnetizing coil was 400 A.

It can be seen from Fig. 3 that the energy maximum is rather flat, and when the
load changes from 0.06 to 0.28 ©, i. e. by a factor of 4, the power changes by

7
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

only 20%. In producing powerful pulses, we have to reconcile curselves to the
fact that about half the stored energy is expended on internal losses. Nonethe-
less, with respect to the ratio of electric energy in a pulse to weight of the

- facility, the described design corresponds approximately :o a capacitive accumu-
lator based on IMU5~140 capacitors. The maximum stored potential energy for this
facility is about 110 kJ. The inertial pile-driver accumulator enables generation
of beli-shaped current pulses with energy up to 50 kJ and duration of 50-100 ms.

REFERENCES

1. Dorozhkowv, V. V., Kunina, M. V., "Sbornik. Voprosy nizkotemperaturnoy plazmy
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LASERS AND MASERS

UDC 533.951.2.3

PRODUCING BAND-LIKE HIGH CURRENT ION BEAMS IN TETRODE WITH NON-SELFDESTRUCTING
ANODE FOR GAS LASER PUMPING

Tomsk IZVESTIYA VYSSHIKH UCHEBNYKH ZAVEDENIY: FIZIKA in Russian Vol 24, No 9,
Sep 81 p 138

[Abstract of article by V. M. Bystritskiy, Ya. Ye. Krasik and S. S. Sulakshin]
[Text] The work is devoted to the study of a new type of high current proton
beam generator developed for gas laser pumping. A band-like form of proton
beams was produced, and the energy, time and spatial characteristics of the beam
were studied. It is shown that the resources of the generator exceed the
operation by 100 to 1,000 times. The possibility of focusing a high current
proton beam by two types of magnetic lenses is considered. It is noted that the
application of the developed generator for Ar-N2 and XeCl laser pumping allows
new results in laser research to be obtained.

COPYRIGHT: Izvestiya vuzov, Fizika, vyp. 9, 1981.

CSO: 1862/50-P
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UDC 621.373.826.038.823
CONTROLLING DIVERGENCE AND SPECTRUM OF XeCl LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Sep 81 (manuscript re-
ceived 1 Nov 80) pp 1861-1866

[Article by V. Yu. Baranov, V. M. Borisov and Yu. Yu. Stepanov, Institute of atomic
Energy imeni I. V. Xurchatov, Moscow]

- [Text] The paper gives the results of a study of divergence
and spectral composition of radiation from an electric-discharge
XeCl laser with non-dispersive and dispersive cavities. It is
shown here for the first time that the spectrum of the XeCl laser
can be considerably narrowed by merely reducing the level of
stimulated emission in a non-dispersive cavity. It is found
that discharge inhomogeneity in the direction across the current
has an effect on laser emission divergence. Lasing is achieved
with line width of 0.1 cm™} and divergence close to the diffrac-
tion lLimit.

Introduction

At the present time, excimer lasers are in fairly wide use in photochemistry [Ref.
1], laser purification of material [Ref. 2, 3], separation of uranium isotopes
[Ref. 4] and also in laser-driven fusion programs [Ref. 5, 6]. Naturally, each

of the possible applications imposes certain requirements on laser characteristics.
The distinguishing feature in use of excimer lasers for nuclear fusion is that the
laser cannot be used as an amplifier in the conventional arrangement of series
amplification of a short pulse because of the short radiation lifetime of excimer
molecules. Under discussion at present are various methods of converting or com-
p-essing an intense excimer laser pulse with duration of 100-500 ns into a pulse
with duration of 1 ns [Ref. 5-7]. For example, Ref. 8 suggests time compression
of a KrF laser pulse in stimulated Raman scattering of amplification of opposed
beams. An approach of this kind is one of the most promising. To realize stimulated
Raman scattering of amplification of opposed beams in methane, as experimentally
shown in Ref. 8, the spectrum of the KrF laser must be narrowed from its initial
free-running width of Av=50 cm™! to Av=0.1 em™!. Such narrowing should be done
in a master laser with subsequent injection of the narrow-band radiation into an
amplifier.

The following circumstances must be taken into consideration in developing a master
laser with narrow spectrum and divergence close to the diffraction limit. The time
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of formatlon of inversion in electric discharge excimer lasers is ordinarily 10-
- 20 ns [Ref. 10]. Heating of stimulated emission from the level of spontaneous
noise at a characteristic cavity length of about 1 m takes place in approximately
3-4 double passes of the cavity. Under these conditions, appreciable narrowing
of the spectrum and reduction of divergence can be achieved by using strongly disg-
- persive elements, which should be accompanied by a considerable reduction of lasing
energy. For this reason, for such a master laser particular attention should be
given to reducing non-selective losses in the cavity and ensuring a high level
of stimulated emission of the electric-~discharge system.

i The purpose of our research is to develop a master laser using XeCl that gives

- the requisite emission parameters. It has been recently demonstrated that an elec-
tron beam-pumped XeCl laser may have efficiency as high as that of the KrF laser
[Ref. 9]. Besides, the XeCl laser has certain advantages: its lasing mixture
is more resistant to dissociation, and withstands a much greater number of flashes
than the KrF laser mixture, the free-running width is narrower--Av = 15 em”t.
Therefore, to do experiments on stimulated Raman compression of excimer laser emis-
sion we have selected the XeCl laser.

Fig. 1. Optical system of the facility:
1, 2--flat mirrors of the cavity (R;=

10

7L ) 99%, R, =85%); 3, 4--lenses (f3=614 mm,

'\(\ - fy, =340 mm); 5, 6--optical wedges (¢5=
~d 47", ¢g=20"'); 7--calorimeter; 8, 10--

0 AZQ\ . 5 Fabry-Perot interferometers; 9--spectro-
f I 7@

] s graph; 1l--He-Ne laser
| ya
| 4

-]

7

- Description of Facility and Method of Measurements

The optical arrangement of the facility is shown in Fig. 1. This arrangement made
it possible for us to measure energy, spectrum and divergence of laser radiation

- in each pulse. A laser was used with UV pre-ionization by four rows of sparks;
the electric circuit for producing the discharge is analogous to that of Ref. 11.
The discharge was set up in a volume of 40x 5x 0.7= 140 cm®, where 5 cm is the
interelectrode spacing. Mainly, a cavity with external mirrors was used, and LiF
windows were installed in the chamber. The laser operated on a mixture of HCl:Xe:He
=1:15:500 at pressure of 1.5-2.0 atm. To narrow the lasing spectrum, one or two
IT-28-30 Fabry-Perot interferometers (8) were placed in the cavity with mirror
reflectivities of 70%. The spectrum was monitored by the STE-1 spectrograph (9)
with crossed IT-28-30 Fabry-Perot interferometer (10). To reduce absorption of
laser emission, the aluminum coatings of the interferometer mirrors were replaced
by multilayer interference coatings. Divergence of laser radiation was determined
by photometry of one of the spots produced in the focus of lens 4 after passing
through wedge 5. Divergence was determined with respect to the level at half inten-
sity. Laser emission was attenuated upon reflection from wedge 6 and transmission
through wedge 5. Both wedges were made of quartz and had 707 interference coatings

f on each face. The system comprising wedge 5, lens 4 and the camera, was aligned
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with respect to the beam of He-Ne laser 11, coinciding with the excimer laser beam.
The spectrograms and focal spot were photographed on KN-2 film at normal exposures.
The laser pulse energy was measured by KTP calorimeter 7 with F116/1 microvoltmeter.
The duration of the light pulse was determined by coaxial photocell FK-3 and &t

I12-7 timer.

The glass window of the FK-3 strongly attenuated the laser emis:ion,

and therefore duration could be measured only for pulses with power greater than

0.1 w.

- Narrowing of the Radiation Pattern

Usually electrical-discharge excimer lasers give strongly diverging radiation
(6=5-10 mrad [Ref. 11, 12]).
(magnification 20-30) on which a divergence of 6=0.5 mrad was attained with output

aperture 5 mm in diameter.

Ref. 13 describes a laser with unstable cavity

To narrow the lasing spectrum, a Fabry-Perot etalon

must be placed in the laser cavity, but as pointed out in Ref. 14, the size of
the base of the Fabry-Perot etalon placed in an unstable cavity is limited by the

angle of aperture of the spherical wave in this cavity.

On the other hand it is

- known [Ref. 14] that the limiting divergence is attained more easily in lasers

with flat cavities than in those with unstable cavities.

Therefore in our research

we studied the divergence and spectrum of thz XeCl laser with flat cavity.

. Cavity Lasi Pulse Divergence 6, Divergence 6,
characteristics asing duration with respect to with respect to
energy, . . f .
> - at level | larger dimension, |smaller dimension,
Ris % [ Ryy % | 7, cm mJ
0.5, ns mrad mrad
99 8 67 200 25 4 0.6
99 85 110 5 27 2,2 0.35
- 99 85 110 3 16 0.7 0.3
Note: 1In the last case a Fabry-Perot interferometer was placed in the cavity,
i d=0.3 mm

The table summarizes the energy, time and space characteristics of laser operation
with stimulated emission over the entire discharge aperture (50% 7 mm) for different
As usual for lasers of this kind, the maximum lasing energy is realized

cavities.

with a short cavity with weak coupling.

- stalled directly on the discharge chamber.
and on the larger dimension of the aperture it was seven times the divergence with
For a cavity with external mirrors and strong

R respect to the smaller dimension.
' coupling, divergence was about two times lower.
reduction in lasing energy.

In this case the cavity mirrors were in-
Radiation divergence was rather large,

In this case there was a sharp
It was found that divergence 6; with respect to the

larger dimension of the aperture is nearly independent of the level of energy input,
and for central regions of the discharge is about double the level for the edge

regions, 1. e.
8, with respect to the smaller dimension of the aperture shows little difference
in the center and on the edges of the aperture, but is appreciably dependent on

the level of energy input.

in the vicinity of the electrodes.

12
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from 50 to 60 kV, 8, increases by 50%. The transverse dimension of the discharge

in this case does not change; visually it shows a large number of luminescent chan-

nels, and the increase in divergence is apparently mainly due to this deterioration
z of discharge homogeneity.

To further reduce divergence, a circular diaphragm is placed in the cavity. In
addition, the use of a Fabry-Perot interferometer for frequency selection of the
radiation is also accompanied by angular selection. By way of example, the table
presents the characteristics of lasing without a diaphragm when one Fabry-Perot
interferometer is installed in the cavity. The interferometer base d=0.3 mm,
and reflectivity of the mirrors was 70%. The Fabry-Perct interferometer was in-
stalled in such a way that angular selection was in the direction of greater di-
vergence 8;. It can be seen that divergence actually decreases with some fall-off
of energy and shortening of the laser pulse. By way of illustration, Fig. 2 [photo
not reproduced] shows focal spots produced at the focus of lens 4 (see Fig. 1) for
- various cavities and dimensions of the intracavity diaphragm D. In the case of
large image magnification (Fig. 2a-c) the focal spots consist of individual points,
i. e. lasing has inhomogeneous spatial distribution. Moreover, for lasing with
non-dispersive cavity the focal spots in individual cases were stretched out in
the direction across the discharge current. The observed distortions of shape
amounted to 30-60%. The deformation of the focal spot, and accordingly the increase
- in @, are obviously related to discharge inhomogeneity.

It was possible to eliminate deformation of the focal spot by shifting the dia-
phragm in the direction across the discharge. The reduction in 6 in one of the

- directions when a single Fabry-Perot interferometer was installed in the cavity
was accompanied by compression of the spot in this direction (see Fig. 2¢). The
focal spot corresponding to the state with minimum divergence and 6 close to the
diffraction limit is shown in Fig. 2d.

8, mrad - EL, Fig. 3. Divergence § (solid lines)

] uJ and lasing energy E; (dashed lines)
as functions of the diameter of the
intracavity diaphragm: 1l--cavity
with two Fabry-Perot interferometers,
d=2 mm; 2--cavity with one Fabry-
Perot interferometer, d=0.3 mm; 3--
non-dispersive cavity

08

- a5

&

02

]

Fig 3 shows dependences of 6 and lasing energy E7 on the size of diaphragm D for
different lasing modes; each of the points on the graph is the average of 5-7 mea-
surements. For a cavity with a single Fabry-Perot interferometer, 6 is given for
the larger dimension of the spot (see Fig. 2c¢). All cavities show a common pattern:
- decreasing 0 with decreasing D. This is apparently due to a reduction in the number
of transverse modes. Divergence close to the diffraction limit is obtained only
at D=2 mm and additional angular selection with respect to two directions by using
two Fabry-Perot interferometers (d=2 mm). Inclusion of the Fabry-Perot interferom-
eters also reduces the energy and brightness of the emission. But whereas the
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total energy due to suppression of transverse modes falls off rapidly, the emission

brightness decreases to a lesser extent, and the spectral brightness increases.

For example for D=2 mm with transition from wide-band to narrow-band lasing with

two Fabry-Perot interferometers, the energy decreases by about two orders of magni-

tude, whereas the brightness falls off only to one-half, and the spectral brightness
b | increases by a factor of 20.

In the mode with minimum divergence, the laser pulse had an energy of about 10 uJ.
Although this is not much energy, according to Ref, 15 it is completely adequate
for injection into an amplifier that produces a pulse with energy of ~100 mJ. It
is known from Ref. 15 that for a KrF amplifier an injected pulse with narrow spec-
trum and energy of the order of a few tens of microjoules is capable of controlling
the spectrum of a pulse with energy of ~400 mJ; on the other hand, we know that
all major characteristics of excimer molecules XeCl and KrF and of lasers based
on these molecules are similar. Therefore we have good reason to assume that the
resultant pulse with energy of ~10 pJ can be used for effective injection into

- a powerful XeCl amplifier.

Narrowing of the Spectrum

Ref. 15 and 16 report on getting narrow-band stimulated emission in KrF and XeCl
master lasers; radiation divergence was not measured in these lasers. We have
studied the spectral composition of XeCl laser radiation for stimulated emission
both with a non-dispersive cavity and with intracavity Fabry-Perot interferometers.
The width of eaci lasing line was determined from a system of interference rings
obtained from the control Fabry-Perot interferometer (i0) in the focal plane of
the STE-! spectrograph (see Fig. 1). Systems of rings from different lines were
- separated by the spectrograph. Line width was determined with respect to the level
; of half-intensity. Fabry-Perot interferometers were used with bases d=1, 2, 5,
10 and 20 mm; reflectivity of the mirrors was 85%.

An attempt was made to increase the spectral power of the XeCl laser by reducing
the pressure of the mixture as was done for an XeF laser in Ref. 12. Reducing

the pressure of the mixture from 3 to 0.4 atm did not lead to any appreciable nar-
rowing of the lasing spectrum.

As an example, Fig. 4 [photo not reproduced] shows spectrograms of free-running
emission and lasing with a single Fabry-Perot interferometer (d= 0.3 mm) in dif-
ferent positions. With a non-dispersive cavity, the XeCl laser usually emits two
lines: 308.0 and 308.2 nm, corresponding to transitions (0-1) and (0-2) [Ref. 17].
The width of each line under our conditions was 7-8 cm™! at lasing power density
of 1-3 mW/em?. With a Fabry-Perot interferometer (d=0.3 mm), the spectrum shows
several components. For some positions of the Fabry-Perot interferometer (see

for example Fig. 4b, c¢), a single component remains with a reduction in lasing
level by a factor of 3-4,

Fig. 5 shows the dependence of lasing line width Av on lasing energy density Ejg
for cavities with a diaphragm. For a non-dispersive cavity and a cavity with a
single Fabry-Perot interferometer (d= 2 mm) the spectrum consists of two lines

of approximately equal width. The figure shows the Av for one of these. A com-
mon feature of all curves is thit as E;, increases, so does Av. This shows up most
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1 Fig. 5. Lasing line width Av as
Av, cm a function of lasing energy den-
4k ° sity Ezg: 1, 3--lasing on one
- v line; 2, 4--on two lines; 1--
2L o a2 lasing with two Fabry-Perot inter-
' gl °J a oA ferometers (d=2 mm); 2--with
o o,ﬁ{"d one Fabry-Perot interferometer
w:' —e (d=2 mm); 4--lasing with non-
e dispersive cavity; intracavity
- diaphragm (D=2 (0); 3 (&) and
a4l o,gm"z""“ 4 mm (O0))
aZ; : a o R _’_

——
e e

weakly in the case of selection by two Fabry-Perot interferometers (curve 1, the
straight line is an arbitrary approximation). The quantity Av shows the greatest
dependence on Ej, for a non-dispersive cavity (curve 4). As E7; decreases from

4 to 0.8 mJ/cm?, the width of each of the two lasing lines falls to half., If we
consider the fact that for Ezg= 20-60 mJ/cm?, Av=7-8 cm~! for each line, we can

see that by merely reducing the lasing level we can narrow the spectrum of the

XeCl laser by a factor of 4-5. Such a technique may be useful for some applications.

The width of the spectrum can be further reduced by using a Fabry-Perot interferome-
ter; however, narrowing of the spectrum in not in proportion to the resolution

of the interferometer (curves 2 and 3). This can be attributed to the fact that

an isolated Fabry-Perot interferometer in the cavity selects the mode composition
only with respect to one direction (see Fig. 3), while selection with respect to
the other direction is considerably poorer. Only under conditions of "rigid"
selection by two Fabry-Perot interferometers is the spectrum narrowed in proportion
to the resolution of the interferometer. Typically, emission is on only one line
in this case, and a fairly strong relation shows up between Av and 6 (see points
above curve 1; here an increase in 6 by a factor of two with a change from D=2 to
D=4 leads to doubling of Av as well).

And so, in this paper we have investigated the conditions of narrowing of the spectrum
and radiation pattern of the XeCl master laser. We have attained the required
paraméters: lasing line width of 0.1 cm™! and divergence near the diffraction limit.
In conclusion, the authors thank S. N. Borisov for assistance with the experiments.
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OPTIMIZING AVERAGE POWER OF EXCIMER PULSE-~PERIODIC KrF AND XeCl LASERS
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[Article by V. Yu. Baranov, V. M. Borisov, F. I. Vysikaylo, Yu. B. Kiryukhin and
N. Ya. Smirnov]

[Text] An examination is made of the possibilities for increasing
the average power of KrF and XeCl lasers in the pulse-periodic
mode without increasing the rate of circulation of the gas mixture
in a closed loop. Improvement of the homogeneity and stability

of the volumetric discharge resulted in an average power of about
40 W with several hours of laser operationm.

There has recently been an upsurge of interest in pulse-periodic inert halide gas
lasers because of a wide range of possible applications. Attaimment of a high
average power in such lasers involves rapid circulation of the gas mixture. For
example in Ref. 1 an average power of 24 W was attained at a gas mixture flowrate
of about 25 m/s. In this paper an examination is made of the possibilities for
increasing average laser power [Ref. 2] at low gas mixture pumping velocity (about
6 m/s). On a fairly simple and compact laboratory facility, the main thrust is
at attainment of good homogeneity and stability of the volumetric discharge with
high efficiency of converting electrical energy to lasing.

Fig. 1 shows the construction of the pulse-
periodic excimer laser. Chamber 1 is made of
stainless steel, and the removable cover 4 hold-
ing high-voltage electrode 3 is made of glass-
textolite. The surface of the cover that faces
the discharge was covered with sheet Teflon,
improving passivation of the loop and extending
the service life of the laser. Pre-ionization,
as in Ref. 2, was produced by four rows of sparks
formed between the electrodes and four:rowsof pins Fig. 1. Design of pulse-
that were introduced into the chamber. The periodic excimer laser
length of the row was equal to the length of

the grounded (2) and high-voltage (3) electrodes (720 mm). The closed stainless
steel loop contained simple heat exchanger 8 and compressor 9.
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The electric power supply contained an IOM-100 high-voltage source of supply that
charged storage capacitor Cy (7) in a resonant diode system. Peaking capacitor C
was structurally accommodated on the removable cover and made on the basis of
KVI-3 capacitors (6). A TGI-2500/50 thyratron (5) was used as the commutator.
Firing of the thyratron flash-charged the low-inductance peaking zapacitor, and
the energy stored in it by the time of breakdown of the main interelectrode gap
ensured high current density of the volumetric discharge. The amplitude of the
current pulse, its rise time and duration are thus functions of the parameter
C/Cy. As measurements show, this parameter has an appreciable effect on both the
energy input to the volumetric discharge and its stability in the pulse recurrence
mode, i. e. it determines the average power of the laser. In the measurements
that we made, Cp=0.5 pF did not vary, but capacitance C was varied. The limiting
current through the volumetric discharge reached 35 kA at a half-width duration

of ~60 ns.
P, watts P, watts
)
Y] -
20
- w ' '
Vi
V2 L n : L
14 428 942 056 &/C, L
- 4 . & w % ¥ Yy, kv
Fig. 2. Lasing output power Fig. 3. Lasing output power
as a function of ratio C/Cy in as a function of charge voltage
mixture Fy:Kr:He=1:25:500 (1) for unilateral (1) and bi-
and HCl:Xe:He= 1:20:500 (2); lateral (2) illumination of
p=2 atm; Ug=45 kV the active volume

The b:havior of curves for P=£(C/Cyp) (Fig. 2) depends strongly on the composition
of th» working mixture. The presence of a pronounced maximum for the KrF laser
(curve 1) can be explained as follows. KrF* molecules are formed only as a result
of inelastic collisions of F, with Kr*, Excitation of Kr* atoms requires electrons
of fairly high energies. At values of E/p lower than 2.5 V/(cm'mm Hg) the number
of such electrons falls rapidly with increasing E/p due to collisions (with energy
transfer) of electrons with light helium atoms [Ref. 3]. Therefore the reduction
in lasing power for the KrF laser as C/Cp increases past 0.28 can be attributed
- to the iow value of E/p in the discharge, which is due to the stretching of the
voltage front as C increases, resulting in breakdown of the gas gap at lower vol-
tages across the high-voltage electrode. At the same time, there is no power maxi-
mum for the XeCl* molecule as a function of C/Cy (curve 2) in the investigated
range of values of C/Cy.

We also studied the influence that the level of pre-ionization of the discharge

gap had on lasing power. The level of pre-ionization was varied, as in experiments
with a monopulse laser [Ref. 4] by shorting out a row of pins to one side of the
high-voltage electrode, which cut the intensity of UV radiation in half, since

the sources on both sides of the electrode are identical. It should be noted that
in this case there could be a change in the degree of homogeneity of photoelectron

18
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distribution by changing the lighting geometry. As can be seen from Fig. 3, in
the case of unilateral illumination the lasing power is more sharply dependent
on the charge voltage across the storage capacitor, the lasing power remaining
much lower than with bilateral lighting.

The considerable dependence of average laser power on homogeneity and the level
of pre-ionization shown qualitatively in Fig. 3 prompted us to use a discharge
over the surfacé of a dielectric as a pre-ionizer and plasma electrode. Such a
discharge has already proved its effectiveness as a powerful homogeneous source
of UV radiation in the monopulse mode [Ref. 5].

The electrode system with pre-ionization by discharge over the surface of a dielec-
- tric that we used for werk under conditions of high pulse recurrence rate is shown

Fig. 4a. Construction of

chamber with discharge over
dielectric surface: l--stain-
less steel chamber; 2~-grounded
electrode; 3--low-voltage elec-
trode; 4~-dielectric; 5--high-
voltage electrode; 6--storage
capacitor; 7--ceramic-~capacitor
peaking line; 8~--charging in-
ductance; 9--thyratron commutator

- in Fig. 4a. As the dielectric 4, we used a ceramic plate with €= 150 of dimensions
165x 100x 5 mm. Located on the plate were two metal electrodes 3 and 5, between
which an auxiliary planar discharge was developed on the surface of the dielectric.
In laser chamber 1 along its optical axis were four plates. Metal electrode 2
was located at a distance of 2.6 cm from the ceramic plate. The discharge over
the surface of the dielectric was formed upon charging of peaking capacitor 7.
Detailed studies (the results of which will be published separately) have shown
that a surface discharge with high homogeneity is stable under certain conditions
even at quite high pulse recurrence rates (f =10 kHz). Fig. 4b [photo not repro-
duced] shows luminescence of four sections of the plasma electrode at f =200 Hz.

A volumetric discharge arose between the plasma and grounded electrodes. Observa-
tions of the volumetric discharge with plasma electrode showed that it is quite
homogeneous and stable. It is interesting to note that the previously observed
growth of a spark filament from the metal surface of the high-voltage electrode
(at elevated energy inputs) [Ref. 2] is absent on the plasma electrode.

In Ref. 6 an examination is made of the problem of the possibility of arisal of
local perturbations (near the electrode) under conditions of volumetric plasma
stability. The principal causes of universal instability observed in Ref. 6 are
current focusing in the region with elevated conductivity (in the presence of field
gradients along .nd across the current). The threshold conditions derived in Ref.
7 for a self-maintained discharge

vxLa>1, v, =dlnv /AInE, N ()
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and for a semi-self-maintained discharge
x2 PeLa>vy; po=0lnp,/dInE; usually pu,<O0, i 2)

show the appreciable dependence of these conditions on the field gradient (or omn

ks, E=E exp(-kx) and plasma concentration along the current; the X axis is directed
from the electrode being considered). Here Ly is a dimension of the electrode
layer; vi{(E/N) is the frequency of independent ionization from the intensity of

the normalized electric field; vji is the ion drift rate; ue is electron mobility.

In our experiments the use of a plasma electrode increases the electron concentration
in the electrode region, and in this way apparently reduces the field gradients
along the current, which leads to stability of the electrode regions of the plasma
and increases the stability of the discharge at large f. The 1limiting possible
f for the investigated system with pre-ionization discharge over the surface of
a dielectric were not attained in our experiments due to absence of cooling of

- the dielectric, as such cooling was technically difficult in the available chamber.

An important aspect of the pulse-periodic lasers is the work life without changing
the gas mixture. Fig. 5 shows how the average power of the XeCl laser depends on

P, watts
Fig. 5. Emission output power as a function

of laser operating time at f =100 Hz,
Ug=45 kV, p=2 atu: l--mixture HCl:Xe:He=
1:20:500; 2--mixture after an hour of
operation with addition of HCl of from

50 to 100% with respect to its initial

a 20 4 t, min concerntration

working time without changing the gas mixture in the loop. The total volume of
gas mixture in the loop is about 200 liters, the active volume occupied by the
discharge is 70x 0.8x 3 cm, or 168 cm®, where 3 cm is the interelectrode spacing.
It can be seen from the figure that in an hour of operation the laser power
falls from 30 to 20 W. In Ref. 8 with the same volume of mixture in a closed loop,
the power of 14 W attained in the laser fell by 20% over a time of about 2.5 hours.

- Such a discrepancy can be attributed to lower average power and higher purity of
the gases used in Ref. 8.

It was noted in Ref. 2 that one of the causes of a reduction in lasing power may

be a reduction in the concentration of halide in connection with its drift to

the walls of the chamber. Therefore we added different amounts of HCl to the gas
volume of the laser after an hour of operation; however, there was either no increase
in lasing power at all, or it was only slight (see curve 2 on Fig. 5). This is

an indication that in our case there is an accumulation of plasma-chemical reaction
products that may absorb on the laser emission wavelength, as well as products

that are capable of quenching the excited XeCl* molecules in the discharge.

With operation under forced conditions (charge voltage about 45 kV at interelectrode
spacing of about 4 cm), the power produced on the laser amounted to 40 W at efficiency
of about 0.9%, and after an hour of operation it had decreased by 40-507% without a
change of gas mixture in the loop. Gradual replacement of the gas mixture in the
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loop during laser operation enables many hours of operation with .ut any appreciable
reduction of power.

Thus the results of this research show that the average power of pulse-periodic
excimer lasers can be considerably increased without increasing the rate of circu-
lation merely by increasing the homogeneity and stability of the volumetric dis-
charge. This is done by choosing the optimum relation between parameters of the
electric circuit for a specific laser mixture, and by providing a high level of
uniform pre-ionization.
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- MULTIPASS NEODYMIUM GLASS AMPLIFIER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Sep 81 (manuscript re-
ceived 17 Mar 81) pp 1962-1967

[Article by A. V. Kil'pio, A. V. Larikov, A. A. Malyutin and P. P. Pashinin, Institute
of Physics imeni P. N. Lebedev, USSR Academy of Sciences]

[Text] The paper describes the design of a multipass amplifier
that uses prism optics for organizing passes. The calculated
and experimental characteristics of the amplifier are given.

A gain of ~2+10"% is achieved (with consideration of losses--—
~2.5+10%) for pulse duration of 25 ns with energy of 4 mJ.

As multipass devices are well known and extensively used in optics, it is no wonder
that the idea of using multipass devices for amplifying electromagnetic radiation
was suggested even before lasers put in their appearance. In quantum electronics,
the use of a Fabry-Perot interferometer as a resonator has helped us to make lasers
even on media with quite weak amplification.

At the present time, the upsurge of interest in multipass devices has been prompted
by development of powerful laser facilities for nuclear fusion [Ref. 1], where

the use of this idea promises a considerable reduction in cost and an improvement

in the efficiency and reliability of systems. At the same time, the use of multi-
pass amplifiers is also attractive for other types of facilities, since this reduces
overall dimensions, while simultaneously improving radiation power and energy.

Three major types of multipass amplifiers are known. The first type~-regenerative
amplifiers--is analogous to the conventional laser with Fabry-Perot cavity. Input
and output of radiation in these devices is by electro-optical shutters [Ref. Z].
The second type is amplifiers with telescopic optics (spherical or cylindrical)
[Ref. 3]. Both these types of amplifiers have considerable drawbacks. In regen-—
erative amplifiers, the limitations on aperture and stability of electro-optical
shutters preclude the attainment of high emission power. Work with large-aperture
beams is difficult. Another considerable disadvantage is the leakage of radiation
from preceding passes into the output channel of the amplifier, in the former case
due to the finite contrast of the shutter, and in the second case--to diffraction
effects on the mirrors. The tendency to self-excitation appreciably reduces the
advantage of these types of multipass amplifiers.

- The third type is multipass amplifiers with spatial separation of beams. Here
the power limitations are determined only by the stability of the reflective
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Fig. 1. Diagram of multipass amplifier; numbers 1-12 indicate
the successive positions of beam 0,13 on the "hypotenuse" faces
of the prisms.

components, and if arrangements are used with separation of beams in the far zone,
there is no leakage of radiation from preceding passes into the output channel

of the amplifier. A disadvantage of this type of multipass amplifier (as of the
other two types) is high sensitivity of the direction of the output beam to sta-
bility of the components used for organizing passes through the active element.

This article is devoted to a multipass amplifier based on neodymium glass that
uses prism optics for organizing passes. The proposed design can be used with
- other types of active media as well.

_ There are a number of advantages to using prisms as reflective elements. First

- of all, their radiation resistance is higher than for mirror reflectors. Secondly,
the stability of the direction of the output radiation of the amplifier can be
considerably improved. Besides, the described multipass amplifier design rotates
the image [Ref. 4], which considerably improves uniformity of amplification over
the beam cross section. The proposed design can be used with fairly large beam
apertures.

If for any reason the use of prisms is impossible (for example because of high
absorption of the amplified emission), the design can use mirror reflectors
that are equivalent in action to the prisms.

The proposed amplifier with prism optics uses seven passes through the active ele-~
ment (Fig. 1). This number of passes corresponds to "dense packing" of the ampli-
fied beams since in this case the beam axis in any cross section of the active
element forms a regular hexagonal structure with the center in successive passes.
The system of laser beam reflectors is made in the form of two modules of iden-
tical prisms with total internal reflection. Fig. 1 shows only the "hypotenuse"
faces of these prisms. The path of a beam through an individual prism and the
active element is shown on Fig. 2.

Obviously the following relations must be satisfied for compactness of the system:

e =2ry; H42ro=h; H—2(Ro—ro) =(L—L,) tgy; 2(Ry—ro)/L,=ctg 8; 6=90°—
—arcsin (sin y/n), 4

which can be used to find any five parameters of the amplifier if the five others
are known. It is convenient to take as the starting parameters the dimensions

- of the active element (length and diameter), the aperture of the beam to be ampli-
fied, the base of the amplifier and the index of refraction n. The base of the
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Fig. 2. Beam travel through active element and individual prism:
L--base of amplifier (distance between prism modules); La--length
of active element; Rg-~radius of cruss section of active element;
ro——-radius of cross section of beam being amplified; h, a--height
and width of prism; 8--angle between raflective faces of prism;
H~-distance between beam centers on hypotenuse face of prism;
2y——angle of convergence of beams being amplified; n--index of
refraction of material of active element and prisms (taken as
equal for the sake of simplicity)

Fig. 3. Arrangement of prisms in
modules (above or to the side of the
amplifier input) and orientation of

= the beam being amplified on differ-
ent passes (the numbers of the passes
are indicated by the numerals)

amplifier is made as short as possible con-

sistent with practical considerations. The ﬁ]
aperture of the beam to be amplified must 4
be taken somewhat larger in the calculation

with consideration of the necessary align-
ments and the structure that holds the prisms @ @f [ﬁ
in a group. Z i
Fig. 3 shows the arrangement of the prisms @ y @
in groups. Even numbers correspond to the 7 ¢ >
input group of prisms, and odd numbers—-

to the output group. With this arrangement,

the prism optical system of the amplifier rotates the cross section of the ampli~
- fied beam as a whole relative to the axis of the system.

It can be shown that transformation of the coordinates of points of the beam after
a system of k prisms arranged as in Fig. 3 takes place according to the law

k
Rh=(r| TJ)Ro’ (1)

fo=1
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- where ﬁ=={x,y} is the radius vector of beam points in a unified coordinate system
(such a system is shown in Fig. 3); Ry corresponds to the points at the input to
the system; k< 6;

T,_e(c?s&z, sin 2e;
sin2a; —cos2a;

is the matrix of transformation of the j-th prism. Components T; are defined by
the angles aj formed by the edges of the prism (line of intersection of reflecting
faces) with the X axis. For our system, we have o; = oy =ag=-1/6, ar=05=1/2,

a3 =-51/6. Fig. 3 also shows the positions of the cross section of the beam being
amplified (for an arbitrary image) on all seven passes.

The arrangement of the prisms ensures high stability of the direction of the output
beam under condition that they are tightly secured in the modules, since their
orientation in the module is similar to the orientation of the faces of a triple
prism. An exception is the last prism on the beam path (No 6) that directs the
amplified beam along the axis of the active element.

Obviously beam rotation and the different inclinations of the beam to the axis

of the system ensure uniform amplification even in the case of nonuniform distribu-
tion of inversion with respect to the active element. Qualitative evaluation of
the relative role of rotation of the beam cross section and oblique passage through
the active element with nonuniform distribution of inversion in a specific system
of a seven-pass amplifier is done by calculation.

Distribution of inversion was taken in the form

Alx, ) =Bg+Ay (2 -+5?) +-Agx?y?,

which corresponds to the model of a four-lamp illuminator. The magnitudes and
signs of A; and A; determine the specific behavior of inversion. 1In particular,

in the calculations it was assumed that A; <0 and A, > 0, which is equivalent to

an increase of inversion from the center to the edge in planes passing through

the lamps, and to a fall-off between them. Fig. 4 shows the results of calculation.

””;‘v Fig. 4. Normalized amplification of laser beam
G/Gy as a function of normalized radius R/Ry and
r/ry with nonuniform distribution of inversion:
a--normal passage through active element; b--
oblique passage, and c--oblique passage with field
rotation. Calculation done for seven passes,
Go= 3000 is gain in the center of the beam, ry/Rg=
0.67.

/6
1 a
0 45
_ 4
2y L 1 4 ﬂ‘ "
0/
— 1 b
28 Js
as, N L0
0 a2 0§ as r/g
[od
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We can see that while amplification on the edge of the active element varies by an

order of magnitude depending on azimuthal angle ¢, amplification on the edge of

the beam with consideration of rotation and oblique path differs by less than 107%.

Rotation of the field leads to a change in the output beam with respect to azimuthal
- angle with period w rather than w/2, as assumed for distribution of inversion in

the active element.

The prism optics of the amplifier also transforms beam polarization. If polariza-
tion of emission is given by the vector

P=(p .6], vhere p2+ 7% = 1,
ret®)

then after passes through k prisms of the system we will have

1.3
p,=P, [1 D '®ID;, @
=1

where Iz(1 0) is the unit matrix; @ = exp (i4) 0 is the matrix of the phase
0 -1 0 exp (iAy)

advance, and Dj and DJTl are the direct and inverse matrices of rotation through

cosa; sinay

angle aj: D,=( ); P, is polarization at the input.

—sina; cosay

Let us note that the matrix given above Tj=D“-'11Dj. Quantities Ay= 141.38°, by =
69.44° are determined by angle 6 =88°55"' of t'gxe reflective prisms.

Yl . Fig. 5. Change of beam polarization
by passes (calculation); input beam
polarized linearly with respect to

X
Eoley253 &9 R U/
o \ib§ %\w' X axis; coordinate system the same
" as in Fig. 3.
? J 4
92 AN T M AN
} SR L
N L 7

Emission polarizations by passes calculated from (2) are shown on Fig. 5. It was
assumed that radiation at the input to the amplifier is linearly polarized along
the X axis. It should be noted that although the phase delay that arises in the
case of total internal reflection in the prisms is fairly large (on the fifth pass

_ we have polarization close to circular), the polarlization at the output of the
system is again close to linear and is rotated relative to the input polarization
through an angle of about 60°.

An important characteristic of the amplifier from the standpoint of its operation
.at high power densities of laser emission is the nonlinear phase advance [Ref. 5].

B=248,3 f(l (2) ny/n) dz, 3)
0
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where I(z) [W/cm?] is beam intensity; n and n, [CGSE units] are the linear and
nonlinear parts of the index of refraction of the active element and reflective
prisms. If the aperture of the beam being amplified does not change during ampli-
fication, calculation of (3) presents vo difficulty. For practical purposes it

is convenient to use multipass amplifiers for amplifying divergent beams, e. 8.

as a preamplifier, i. e. immediately after the master laser in a laser unit. If
we assume gaussian distribution of the beam at input to the multipass amplifier

~ J(r, hy=J exp [—(t/to)*lexpl—(rire)?]

(1o is half-duration of the beam at intensity level Jy/e; r, is the half-width
of the beam at this same level; J; is intensity at the maximum) , and consider be-
. sides that r, varies during propagation in accordance with the law

r3 =a®[1-(z—z,)*/k?a%]

(a is the dimension of constriction of the gaussian beam), which is close to the
case of practical interest of using a laser with zero transversc mode as the master
laser, then analytical calculation of (3) is impossible. Therefore integration

of (3) in this case must be done numerically

Fig. 6. Change in integral B by ’ . KX
passes through the amplifier for 7"’2_ 322
gauusian pulse of duration Tt with
input energy Ey, (calculated), 20, 20
_ B! = Bﬂoe/Ein’ Tin=1.5 mm, roye = ,i G=10* 8
_ 13.5 mm, length of active element ' 1 L
34 cm, length of pumped part of ac- 15 . 15
tive element 28 cm, optical path in L
prisms 75 mm, base of amplifier lr 1
1.5 m, n=1.5, np=10"*% CGSE unit, | w1,
scale on the left for passes 1-4, '
- on the right for passes 4-7 o 20’ v
[ 40
The results of a computer calculation for o
a seven-pass amplifier are shown in Fig. 6. 5+ 1
The calculation shows that nonlinear effects uk {l
are negligible (B<1) at peak power of pulses ™
- at the input up to 10 MW and amplification a 47
of (7-3)+10%. 1If we consider the fact that =
the prism optics of the amplifier produces Dy B S S R A
elliptical polarization, nonlinear effects pass number

are still further reduced (for circular pola-
rization on all passes, the integral B would be reduced by a factor of vV2) .

The experimentally studied multipass amplifier used a GLS-22 neodymium glass active
element with dimensions of L, =340 mm, 2Rg =45 mm. The base of the amplifier was
1.5 m. At dimensions of the hypotenuse face of the reflective prisms of 7 cm and
angle 6=88°55', the maximum possible aperture of the amplified beam 2rp =25 .
The hypotenuse faces of the prisms were anti-reflection coated (reflection <0.3%);
the end faces of the active element were not coated, but were beveled relative

to the axis of the active element by 7.5°. Pumping of the active element was by
four 1FP-8000-1 lamps (illuminator geometry same as for GOS-1001 laser).

27
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

o' Fig. 7. _Experimental values of gain
K1, Ky, K=/Kyand a.
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Gain measurements were made with a beam having divergence predetermined at the
input to the amplifier. Beam diameter at the input was ~3 mm, at the output

~20 mm (with respect to half-intensity level). Radiation energy at the input was
~f mJ at pulse duration of 25 ns. Measurements were made of amplification on the
first pass K;, and the total amplification on seven passes Ky. If K, was measured
in the weak-signal case, then Ky, especially at high amplifier pumping energies Ep,
could be considered as measured at signal saturation. Fig. 7 shows the pumping
energy dependences of K; and Ky, together with K= 715 and a=1n K/Lp (Lp =28 cm

is the length of the pumped section of the active element). Amplification is
normalized to the amplifier output, i. e. no consideration 1s taken of losses to
absorption in optical elements of the system, Fresnel reflection or scattering.
The latter is apparently responsible for most of these losses since accounting

for inactive absorption (the nameplate for the active element gives a=10"° ecm™'),
Fresnel reflection on the end faces of the active element and faces of the prisms
sives_losses of ~0.56. Accuracy of measurement .f Ky and Xz was *5%. We can see
that K is somewhat lower than K; and has a bend due to saturation at high pumping
energies: output energy with pumping of 19.2 kJ is ~10 J. The difference between
K and K; can apparently be attributed to reduction of inversion in the region of
overlapping of the amplified beams in the active element (see Fig. 1).

We also measured polarization at the amplifier output with linear polarization
of emission at the input. The orientation of the ellipse and the ratio of its
semimajor and semiminor axes are close to the calculated values (Fig. 4).

Stability of the multipass amplifier to misalignment of its base is confirmed by
prolonged operation as part of the Kamerton facility [Ref. 6]: alignment of the
prism modules need not be done for a year o. more.

The amplifier design completely precludes self-excitation. Suppression of ampli-
fied spontaneous emission can be effectively handled by saturable filters that
can be installed both within the amplifier and at its output.

In conclusion the authors thank D. V. Bardin and V. N. Lukanin for assistance with
the work.
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STIMULATED SCATTERING OF LIGHT BY TEMPERATURE WAVES EXCITED IN THERMODYNAMICALLY
NONEQUILIBRIUM MEDIA DUE T) ENTHALPY OF LIGHT-CONTROLLED CHEMICAL REACTIONS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Sep 81 (manuscript re-
ceived 15 Apr 81) pp 1968-1977

[Article by V. S. Zuyev and Ye. P. Orlov, Institute of Physics imeni P. N. Lebedev,
USSR Academy of Sciences]

[Text] Based on the example of working gas mixtures of iodine
photodissociation lasers it is demonstrated that in thermodynam-
ically nonequilibrium media where the chemical reaction rate
depends on the intensity of the electromagnetic field, there

- may be stimulated scattering of light by temperature waves that
are excited due to the enthalpy of the thermodynamically non-
equilibrium medium. A theoretical investigation is made of the
spectrum of the scattered light; it is shown that light amplifi-
cation is realized on the anti-Stokes frequency, and the gain

B of stimulated scattering under typical conditions characteristic
of iodine lasers at a pressure of the working mixture of ~0.5 atm
may reach 100-400 cm/MW.

1. Introduction

It was observed in Ref. 1 that in the active medium of iodine photodissociation
lasers when a certain pumping power level is exceeded, small-scale optical inhomo-
geneities arise, and laser emission divergence is shaprly increased. In Ref. 2,
and later in Ref. 3 it was established that this effect is associated with the
presence of exothermal reactions in the active medium with rates that depend on

the intensity of the laser field. The initial working gas mixture of iodine photo-
dissociation lasers consists of buffer gases such as SFg or CO; with a small amount
of molecules of type n-C3F;I. Upon photolysis of n-C3F7I molecules, excited iodine
atoms are formed, some of which make a traasition to the unexcited state under

the actioi: of the resonant laser field. Exothermal reactions take place between
iodine atoms and n-C3Fy radicals, the unexcited iodine atoms reacting with the
radicals many times faster than the excited atoms. Dependence of the rates of
these reactions on the intensity of the laser field is due to the fact that in
causing induced transitions, this field changes the concentrations of excited and
unexcited iodine atoms.
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It has been shown in Fef. 2 and 3 that inhomogeneities of laser field intensity
lead to gasdynamic perturbations of the medium due to thermal expansion with non-
uniform heating, which show up as small-srale optical inhomogeneities. In Ref. 2,
consideration was given to the fact that this gives rise to nonlinear defocusing
- self-stress of light, and the arisal of small-scale optical inhomogeneities was
attributed to instability of the laser emission wave front, assuming positive feed-
= back and the possibility of parametric buildup of small-scale optical inhomogeneities
) because of the response lag of the medium.

- In Ref. 4 it was demonstrated that the phenomenon observed in iodine photodissocia-
tion lasers may represent a new kind of stimulated scattering of light, i. e. it
was shown that interaction of a laser field with the active medium of the laser
takes place in such a way that the gasdynamic perturbations of the medium are re-
plenished by the enthalpy of light-controlled chemical reactions, and energy is
pumped from the wave of the stimulating laser field to the wave of radiation
scattered by gasdynamic perturbations. It has been proposed that this effect be
) called enthalpy-stimulated scattering. As an example, an investigation was made
i in Ref. 4 of stimulated scattering of the given type by ultrasonic waves excited
- in the thermodynamically nonequilibrium active medium of iodine photodissociation
lasers.

A fundamental qualitative difference between the enthalpy-stimulated scattering

- considered in Ref. 4 and conventional types of stimulated scattering (stimulated

= Mandelstam-Brillouin scattering, stimulated temperature scattering [Kef. 5-71,
stimulated absorption scattering [Ref. 8], etc.) is that internal oscillations
of the medium may be excited exclusively due to the energy of processes that occur
in a thermodynamically nonequilibrium medium. 1In this regard, the light acts as
a controlling element: it controls the process rates.

The threshold of enthalpy-stimulated scattering is quite low. For example in the
active medium of iodine photodissociation lasers at pressures of 0.5-1 atm this
effect has been observed at a laser field intensity of about 10 kW/cm? [Ref. 21.

- The gain of enthalpy-stimulated scattering on ultrasound at scattering angles of
about 10 mrad reaches 10 cm/MW [Ref. 4], which is almost 10" times higher than
the gain of stimulated Mandelstam-Brillouin scattering in gases at the same pres-
sures, and two or three orders of magnitude higher than in liquids and compressed
gases [Ref. 9, 10]. The intensity of ultrasound reaches tenths of a watt per square
centimeter. This is implied by experimental data on the relative change in gas
density in small-scale optical inhomogeneities [Ref. 1, 2], where it is 1%, and
the known speed of sound, and is also demonstrated by theoretical analysis [Ref. 11].

Ultrasonic waves are not the only partial waves of the medium that are excited
under the given conditions. Since fluctuations of electromagnetic field intensity
in enthalpy-stimulated scattering lead to nonuniform heating of the medium due

to the energy of light-controlled processes, the excitation of ultrasound should
be accompanied by excitation of isobaric density and temperature waves [Ref. 5]
which, as noted in Ref. 4, should also give rise to stimulated scattering of light.

This is the phenomenon that we will study in this article.
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2. Formulation of the Problemand Principal Equations

Among the chemical reactions that occur in the active region of iodine photodissocia-
tion lasers [Ref. 12], we will consider only the two fastest reactions in our exami-
nation of enthalpy-stimulated scattering on temperature waves:

. R+J-RJ, 1)
R4+R-R, @)

where R are organofluorine radicals. The contributions made by other radicals
to this stimulated scattering process can be disregarded.

The rate of energy release in a unit volume as a result of reactions (1) and (2) is
Q=0 \[RIJ]1 44, ,[R}?, )

where [J], [R] are the concentrations of unexcited iodine atoms and radicals; &,
and J,; are the rate constants of reactions (1) and (2); qi,2 is the energy re-

- leased in recombination of one icdine atom and a radical into the initial RJ mole-
cule, and of two radicals into an R, molecule respectively. (Let us note that
in this article the quantities Q and %, replace Q and 2,/2 from Ref. 4.)

To find [R] and [J], we start from equations that describe the concentrations of
particles of the working substances [N], excited iodine atoms [J*], iodine atoms
in the unexcited state [J] and radicals [R]:

* -LET' — Dnv?[N]=—w[N]+ %, [RIJL; @)

. E2 J*
AL _Dyyrit=wiNl—o, ([J*]—%.[Jl)ﬁm—%; )

a[J ) .
LDyl = oy (- L ) e RO - L @
d(R

—5r — Drv*[R]=w([N]— 5, [R][J]— 2%, [R}", ™

where w is the probability of photodissociation of molecules of the working gas
under the action of ultraviolet pumping radiation; oy is the cross section of the
laser transition; gi1/g; is the ratio of statistical weights of the upper and lower
laser levels; T, 1s the time of nonradiative relaxation of+the upper laser level;

E is the total field of the exciting (Eo) and scattered (Eg) electromagnetic waves;
n is the index of refraction of the medium; #®, is the energy of a quantum of

the laser field; Dy, Dz, Dj, Dy are the coefficients of diffusion of molecules

of the working substance, excited and unexcited iodine atoms, and radicals in the
buffer gas.

Equations (3)-(7) in combination with the thermal diffusivity and Maxwell's equations

oT ' 1

3t XVaT:‘ 0t Q, (8)
n?* gE I 9% [f oe

T vE=— (o), TE] ©)
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form the complete closed system of equations necessary for solving the problem

of stimulated scattering by temperature waves. Here T is the deviation of the
temperature of the medium from its equilibrium value T¢; X is the coefficient of
thermal diffusivity; p is the density of the medium; c, is specific heat at constant
pressure; e=n’. Let us note that in (9) we have left out the term corresponding
to amplification on the resonant transition of atomic iodine, since accounting

for amplification in the final results presents no difficulty.

3. Linearized Equations

Obviously we cannot get a general solution of system (3)-(9) in analytical form.
Therefore we linearlize the system, assuming that the intensity of stimulated scat-
tering *Eg is considerably less than the intensity of the stimulating light “Ef.
Then the deviations of particle concentrations from those that would have taken
place in the absence of thz scattered field are small, and equations (3)-(7) can
be linearized. After linearization, they will take the form

%, Ulo Rl + 4RI, UL — (gr—Dn v +@)(NL=0; (10
£ 0,1, 11— (g7 —Dse v+ 03fo = | Ul wINL = 058 5 (1)
%, L1 Ry + (7 — Dav? + 93 (Rl + £ 01, ) (91—
1 . .
_(c,1°+—19—)u ?=0,.A°I,. (12)
(D" + 9,111, + 4% [Rl,) IRy + 9, (R], 191 — wINL =0; (19)
Q=0,+Q; (14)

where [Nlg, [J*]o, [Jlo, [R]o are the concentrations of particles in the absence

of a scattered field; [N]i, [J*]:, [J]1, [R]: are the deviations of particle concen-
trations from [N]y, [J*]o, [J]o, [R]O; Ao':u*]o'—”]ugz/gl; ]o=ﬂCE%/4ﬂ;}0)o is the intensity
of the exciting wave; J,=2nc(E,Eg)/4nf 0, is deviation of the intensity of the resultant
field from I, due to interference of the exciting and scattered waves; Q,=¢,2,[R],J),+
927,(R 112); Q=02 ([J1,[R]; 4 [R],131,) +2g,%,IR1[R,].

In linearlizing equations (8) and (9) we will assume that Qo heats the medium to
temperature T'. We denote the deviation from T' due to Q; by T;. Then equation
(8) is transformed to

aTI/at—“xvzrl =Q1/PCp’ (15)

and equation (9), transformed to the equation for Es» in the approximation of the
given field ﬁu, takes the form

n? 0°*Es 1 e\ @2
?T—VZES=—F(W)F—&7,—(E°T). (16)
In this article we will limit ourselves to the case of a monochromatic stimulating
field, and will consider only the steady-state theory. The conditions of

33
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

appllcablllty of the steady-state theory will be made clear below. Let total field
E consist of linearly polarized stimulating (E,;) and scattered (Eg) waves with
the same polarization. Then we can consider only scalar waves. Let us represent

< E as

E =/,E, exp (iwot—ikor)+,Esexp(iwgl—ikgr) 4 compl. conj.,(17)

where wg and wg are the frequencies of the stimulating and scattered light waves;
ko and kg are their wave vectors. Here Jy=ncE%/8nfw,, and

I =1/27exp (iQt—iqr) +comp. conj., (18)
where .7=2nchE;/8n7}mo; Q=w— ws; q=ko—ks.
Let us represent [N],, [J*],, Ji;, [R], T}, Q, In the same form as I;:

[N}, =Y/,INJexp(iQt—iqr) + comp. conj.;

[J*), =Y,[Tlexp(iQt—iqr) 4-comp. conj.s

[J), =Y,1Tlexp(iQt—iqr) + comp. conj.;

[R], =Y/,[R]exp(iQt—iqr) + comp. conj.; (19
Ty=",T exp (iQ¢—iqr) 4comp . conj. ; Q:=",Q exp (iQ¢—iqr)+ comp. conj.

Substituting (17)-(19) in equations (10)-(16), we get the following system of
linear equations relative to

7y U1, [R] + 9, R), [ 3 l~(i9+DNq2+w)[”]= R )

——g—:—oyl,,[.l] ——(tQ+DJ-q +uy10+~:—-)[ ‘]+w[ﬂ] 21y
o, 133, [R] + (c9+DJq + 25 Rl, + -2 0yo)[ T ]

_(o,1°+T)[J*]=o,A°1. (22)

(19 -+ Dra? + 9, ], + 4%, [R1y) [R] + 2, R [T] —w|[N] =05 (23)

8= g1, (101, [R]+1R16 [ T]) + 20272 [R1, [R]: (24)

(iQ+ 19%) T =Q/pcs; (25)

E5 .k 6

Eg—g'zl4:=(a1‘)TE (26)

where 1, is the coordinate in direction ES; Io and I are determined by using Ej
and Eg above. 1In deriving (25), we have limited ourselves to the case where there
is no amplification of the temperature wave during propagation, and in deriving
(26), consideration was taken of the fact that the relative change in amplitude

of the scattered field is small at distances of the order of a wavelength of light,
and therefore only the first spatial derivative of amplitude has been retained

in (26).

34
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

4, Scattering Spectrum

Solving equations (20)-(23) relative to [R] and [J], and substituting the solutions
in equation (24), we get the complex amplitude of the variable component of the

rate of specific energy release Q:

~Q' = %y [R]o0yAg

+492, [R), ( i

where the matrix
iQ+ Dr@?+ 4, [R],
X 3o

| @y =
(iR +4- Dye?)t, [J]o

© iR+ Dj.q?
Det a;z|

4 iQ - Dygq? ~

29, Q4+ Dpg*+w .

[ig + Drq?

—(Dy-—-Dy+) ¢
l-Q+D.|q2+'7f1[R]o+ —

& L
+( l+ g‘)gylo+ Tp
(i -+ DNqn) X1 [Ro

QD Pt w

Q4 Dyq* + w
+(Dy—D;-) ¢?

-+

(iQ+ Dyeq?)

1
( oyl + -—Tp—)

(iQ+Dj-q?)

27)

. (28)

Substituting (27) in (25), we find the complex amplitude of temperature, and by
using (26) we find that in the region of nonlinear interaction, the scattered field
intensity proportional to |Es|2 varies in accordance with the law

IEs(8) = 1Es(£=0) Pexplg(Q)L], (29)
where v
_ de \ ¢, [R].OvA . iQ+D;.q? .
g Q) =ks (W),, B Re{’ (T F %q® Det [ars | [‘Q+ Dra* +
- 4 iQ 4- Dyq?
+4.7f,[R1.,( l—;’Tﬂlm”—JrTu”} I, (30)

5. Principal Results

Let us analyze the major features of the kind of scattering considered above.
will make the following assumption to simplify the analysis:
of diffusion will be taken as equal, i. e. Dg=Dy=Dgx=Dg=D.

the form

¢, %1 [R]g0y80

5(2))

We

all coefficients
Then (30) takes

I,

g@=ks(3r)

’

&pcp

where

e{ BV 4 i (02 —

(i +10?) (@MQ? — ) 4+ 0 (R — af?))

@3n

all) =, (3l + 1 [Rlo+ 47, [Rly +w + (1 4 go/gy) 031o+ 3DQ + 1/t (32)
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al® = (Dq? + w) (D@ + (1 + g./g;) Oylo+ 1/1p) + (DQ* + 4, [R]o) X
X (2Dq* + w + (1 + g,/8y) oylo+ 1tg) + %, o DG + (1 + g2/81) Oylo +

-+ 1/1p) + %4 [R)y @Dq + w + 47, [Ry + 05 1o + 1) 133)
- a(3> =[(Dq? +45,[R1))(Dqt +w) +7,11 1,Dq*HDg* +-(1 +8+/81)0yfo+1/Tp) +
43, R14%,R1(D @ 4w 0,0, +1/15); (39
B =2Dq* +47,[R1o(1—4,/29)) +w; (35)
B® =(Dq?)? +(43IR1o(1—4./29,) +1)Dq* +-47%,(R . (36)

After calculating the real part of the complex expression in braces in (31), we
represent the dependence g(R) in the form

(Q) =k 9\ g, [R}e0yA, Q wiQt 4 w2 4 w5
g ) =%s\7aT ) epcp 07 - (qu)ﬁ Q(6) + W(Z)Qi -+ W“)Q2 4 W(G)
(37)

where WO = (@M—BM) 4-yq% W@ .qM2_q®; WE oM@ —ahf@)— al®)—(a®—aMBm 4 f3)yq?;
W q@2_ 9gg@. WO - q@B® 4 (a®p®— adpm)yql WO =a®?,

It can be seen from (37) that dependence g(Q) is antisymmetric relative to the
sign of @, i. e. g(R) =-g(-Q). This means that g(R) will be positive either in
the Stokes region or in the anti-Stokes region, depending on the sign of (3¢/3T)
i. e. amplification of the scattered light waves is realized. Consequently, the
temperature waves stimulated in media in which the chemical reaction rates depend
on laser field intensity should give rise to stimulated scattering of light.

Formula (37) is much simplified in two cases: when xQ*<Q= min { |W®/WU [/k—D},
where j=1, 2, 3, 4; k=5, 6, and when diffusion time Tp=({D¢)~! is considerably
less than the time of chemical reactions, the time of photodissociation and the
lifetime of iodine atoms in the excited state.

Actually, cofactor f(Q)= (WHQ4 L WEQ2 L WE/(Q8 LW Q4 W@Q L W®) in (37) varies
insignificantly in frequency band |0} $Q: faW®/W®, and cofactor [o(Q)=Q/(Q?4(xq%?)
reaches extremum values at Q=+%q*. Therefore if angle 0 between the wave vectors
of the stimulating and scattered light waves is such that yq’<Q, the gain g(Q) can
be approximated as

o\ ¢, [R]goyhe W'D Q
g (Q) ~ kS ( o7 ) ! lepc: ¥t W(&) Q3 + (qu)i l (38)
The maximum gain is
de qJZ'[R]aAlW“”|
) Emax=ks [5F| g I W“”II (39)

The time of establishment of the steady state in this case is determined by the
time of damping of the thermal wave: Iy, >T,=(xq%)"!.

In the second case, the gain g(Q) can be represented as

g(Q) ~ kg ( e ) 9191 [R)g0vA Q (Dq” + xa%) I,. (40)

epcp Q%+ (xq%)?) (2* + (Dq?)?)
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The frequencies at which g(22) reaches extremum values in this case are equal to

Q= 2V Dt (V T+ 20D T F — 1) (@)

If D=y, the frejuencies determined by (41), Q=+4%q/)3, i. e. the frequency shift
is considerably different from that with stimulated temperature scattering or
stimulated concentration scattering [Ref. 13, 14]. The maximum g(Q) is

o X Ay 3V3 I
Emax= ks % 4 le[plilouy 0 -g/ (x—qﬂ-).. (42)

and the half-width of the scattering spectrum can be determined from the equation

§4+2§3+3§2_2§__1 =0, (43)

where £--)/38Q/(2xq%); 8Q' is the difference between the frequency where [g(Q)| is
maximum and the frequency where it has fallen to half. The real roots of equation
(43) £, =0.7 and £, =-0.35, implying that the half-width of the scattering spectrum
§0~2,13q%V 3, i. e. approximately three times lower than with stimulated temperature
scattering. The time of settling of the steady state is accordingly as many times
longer.

6. Discussion of the Results

It can be seen from (37) that in media that do not absorb the energy of the electro-
magnetic field, there is non-zero gain of stimulatzd scattering by temperature
waves. Just like ultrasonic waves [Ref. 4], temperature waves are stimulated in
this case not by the energy of the electromagnetic field as occurs in stimulated
temperature scattering or stimulated absorption scattering, but rather by the energy
of chemical reactions controlled by the electromagnetic f£ield, i. e. by the energy
of the thermodynamically nonequilibrium medium. It is clear from this that the
given stimulated scattering cannot be reduced to either stimulated temperature
scattering or stimlated Mandelstam-Brillouin scattering. Moreover, if the amplifi-
cation of scattered light waves is realized in the anti-Stokes region 2<0, then
every second an amount of energy equal to f(wg—wy)glgdV 1is added to the energy

of the electromagnetic field because of stimulated scattering from every element

of volume dV. It can be easily seen that in an ideal (nonabsorbing) medium the

only source of increase in the eneryy of the electromagnetic field is from chemical
reactions.

Thus by using the given kind of stimulated scattering, it i1s possible in principle
to convert energy of chemical reactions to energy of an electromagnetic field.

Let us evaluate the gain of enthalpy-stimulated scattering on temperature waves
in the active medium of iodine photodissociation lasers operating in the quasi-
steady amplification mode.

We note that special studies [Ref. 16] have shown that no absorption of laser emis-
sion is observed in the active medium of these lasers, or at any rate the coef-

ficient of absorption does not exceed 107% em~. Consequently we should not observe
ordinary stimulated absorption scattering f®~+. 8] in these lasers at typical radi-

ation intensities of 10-100 kw/cm?2.
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Our estimates are for lasers with a working gas mixture consisting of n-C3F7I at

a pressure of 0.03 atm and CO; at pressure of 0.47 atm. In this mixture with flash-
lamp pumping for a time of ~100 us the energy extracted from 1 cm® reaches ~0.05 J,
which corresponds to probability of photodissociation of n-C3F7 I molecules w~

4.10% 571, amplification cross section oy =10"'% cm?, Ny (initial concentration

of n-C3F,I molecules) equal to 7.5-10%7 cm™®, #; =17 107!? cn¥/s, X, 2:10712 cmd/s
[Ref. 17], q1 =3.8-1071% J, q2=6.7+10"%% J [Ref. 18], A=1.315 im [Ref. 12].

Since the gain of a resonant transition of the iodine atom con depends on the in-
tensity of the stimulating field I,, we consider two separate cases. In the first
case we will assume that Iy is much greater than the intensity of the saturating
signal I, = (0,1 )7" ~ 10'* quanta/em?+s (1,210"* s [Ref. 19]). In this case for
quasisteady concentrations [R]lg, [J]o and for the product oydoIo from equations
(4)-(7), using a method analogous to that in Ref. 12, in the case of free-running
emission we get the relations

- 1 g2\ Oyly w2 Ovlg@Ng
[R}p ~ V('z—( 1 +E) w + 0,/ .7{'1) BB (W oylo)

1 [4 oyl 0
_T( +—éf—)w+‘:y[oz‘7' (44)
(o228, [R1o/%y; oyAe] o285 IR 12, (49)

where constant f is weakly dependent on initial conditions and lies in a range
of 10-25. 1In estimates of [R]o and [J], we will take B=20. Then [R]g = 5.6+10%5
em™3, and [J]g=26.4°10*% em™ 3. We take Iy=1.33:1023 quanta/cm®+s (20 kW/cm?).

g0
76 4321 9/9max
02
2 4 2
-5 -4 -2 ) b
o
1234 67 0
Y I -2 50
Fig. 1. Scattering spectra at Fig. 2. Frequency dependence
Iy>>Ty and 0=1 (1), 2.5 (2), of gain in enthalpy-stimulated
5 (3), 7.4 (4), 10 (5), 50 (6) scattering at I,>>Iy and 6=2.5
and 100 mrad (7). Along the (1), 5 (2), 7.5 (3) and 10 mrad
axis of ascissas b= (2/]Q]) x (4). Scale along the axis
1g(1+ {@]), so that for |o|<<l of abscissas same as in Fig. 1.

the scale is linear with respect
to frequency, while for |Q|>>l
we have a logarithmic scale.
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Characteristic dependences g(?) described by formula (37) for different scattering
angles 6 are shown in Fig. 1 and 2. It can be seen that amplification is realized
in the anti-Stokes region, the dependence of gain on Q showing two maxima in the
range of scattering angles 0<6<10 mrad. For one of these maxima, the frequency
shift and amplification are nearly independent of 6 and accordingly @ = 105 rad/s
- and g(Q,) = 2:10~2 ecm~!. The second amplification maximum occurs at a lower absolute
value of the frequency shift Q,, where |Qz| decreases with decreasing angle, while
amplification increases. At 6 =5 mrad the amplification of scattered waves shifted
in frequency by @, = 10" rad/s becomes greater than the amplification of waves shifted
by Q1. and with a further reduction of 6 the displacement lel decreases as 8%, and
amplification increases as 6”2 (see (39)). At angles 6> 10 mrad, as we see from
Fig. 2, amplification falls off sharply (as 8~*, see (42)). Thus for typical scat-

tering angles of 6=5-10 mrad the gain of enthalpy-stimulated scattering gz (1.5-4) x
107% em”t, .

= Let us now consider the case where Ig<<Iy. Here concentrations {J*], [R]g>>[J],.
The unsaturated gain of the resonant transition of the iodine atom, as implied by

- (4)=(7) , 07800, wNoTy/(14-g,/g1+wrp)=~ 0.16 em™?, and [Rlox [(1+g4/g)wN o/ (2% 5(1+-g2/81+
wry)) Y~ 2.4+10'% cm™’. 1In this case g« Iy, and a more convenient characteristic
of amplification of enthalpy-stimulated scattering is G=g/f®,/,. In the range
of 625-10 mrad, G= 100-400 cm/MW.

For purposes of comparison, let us estimate under the same conditions the gain

of enthalpy-stimulated scattering by ultrasonic waves stimulated by light-controlled
chemical reactions. For characteristic scattering angles 6§ =5-10 mrad, the maximum
gain in accordance with Ref. 4 can be calculated from the formula

B &\ 1 [RooyA !
gaa—ks( p ap )r l elP‘"1:7?oy * 259M1:9M5 * )

where Qup=U0,24; Upm is the speed of sound; 20Qms =Tq® is the half-width of Mandel-
stam-Brillouin scattering [Ref. 20]; [=(*/gn+n’)/p; n and n' are the shear and volu-
metric coefficients of viscosity. Substituting the same values in (46) as in the
case of scattering by temperature waves, we get for ILo>>In, g5 % (0.5-4)«10"% cm™?,
and for Ig<<Iy the quantity G,y = 10-70 cm/MW, i. e. under the same conditions ampli-
fication of stimulated scattering by temperature waves at Iy>>Iy is comparable
with, and at I(<<Iy is even much greater than amplification with scattering by
ultrasound.

Thus the arisal of small-scale optical inhomogeneities in the active medium of
iodine photodissociation lasers during stimulated emission or amplification of
light pulses [Ref. 1] may in principle be due to enthalpy-stimulated scattering
both by ultrasonic and by temperature waves. In connection with this, let us note

- that prevention of the development of small-scale optical inhomogeneities by re-
ducing the initial inhomogeneity of the laser field intensity, as suggested in
Ref. 3, may not be successful. The fact of the matter is, that in Ref. 3 no consider-
ation was taken of the possibility of existence of positive feedback between pertur-
bations of the medium and the electromagnetic field, or the possibility of arisal
of instability. This precludes consideration of the part played by spontaneous
processes in development of the given effect and, in particular, the role of the
spontaneous process corresponding to enthalpy-stimulated scattering. This
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spontaneous process is probably due to the discreteness of the process of stimulated
emission analogously to the way that discreteness of the process of absorption

of the electromagnetic field in an absorbing medium causes the spontaneous process
corresponding to stimulated scattering caused by absorption of light [Ref. 8].

In conclusion it should be noted that enthalpy-stimulated scattering examined in
Ref. 4 and in this paper is not specific to iodine lasers. As noted in Ref. 2

and 4, analogous effects should arise in other types of powerful lasers as well,

and in general in media in which energy release depends on intensity of laser radia-
tion, for example in CO, lasers due to VT relaxation. In this connection we note
Ref. 21 which reports on an experimental study of perturbations of the index of
refraction of the active medium of a CO, laser produced by the difference in heat
release between lasing and non-lasing regions due to VI relaxation, and also Ref.
22, which examines the question of excitation of ultrasound in CO, lasers with
unstable cavity.

The authors thank N. G. Basov for support of the work, and O. Yu. Nosach and
K. S. Korol'kov for constructive discussions.
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INTENSITY OF ULTRASOUND EXCITED IN STIMULATED LIGHT SCATTERING BY LIGHT-CONTROLLED
CHEMICAL PROCCESSES

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol §, No 9(111), Sep 81 (manuscript re-
ceived 15 Apr 81) pp 1978-1984

[Article by V. S. Zuyev and Ye. P, Orlov, Institute of Physics imeni P. N. Lebedev,
USSR Academy of Sciences]

[Text] Relations are derived for the intensity of ultrasound
and the number of phonons falling to each scattered quantum of
light with stimulated scattering in thermodynamically nonequi-
librium media in which chemical reaction rates depend on light
intensity. Estimates showed that in gas mixtures of CO, with
n-C3F;1 at a total pressure of 0.5 atm in which exothermic reac-
tions arise between icdinc atoms and organofluorine radicals
upon photolysis of n-C3F,%, light with intensity of ~10% W/cm?,
resonantly interacting with iodine atoms, may excite ultrasound
with intensity of tenths of a watt per square centimeter on a

- frequency of ~1 MHz; in this case ~10" phonons fall to each scat-
tered photon.

3

1. Introduction

In this paper we continue our examination of enthalpy-stimulated scattering of
light [Ref. 1, 2] (Ref. 2 is the preceding article in this issue of KVANTOVAYA
ELEKTRONIKA) that arises in thermodynamically nonequilibrium media where reaction
rates depend on the intensity of light.

As before, we study enthalpy-stimulated scattering in the active medium of iodine
photodissociation lasers, which as a rule consists of SFeg or CO, doped with a small
amount of n-C3F;I vapor. Upon photolysis of ..-C3F;I molecules, free radicals
Rzn-C;F; are formed along with stimulated iodine atoms J*, some of which make the
transition to the unexcited state in the field of resonant laser radiation. As
this happens, exothermal reactions take place in the mixture between iodine atoms
and organofluorine radicals n-C3F;, the unexcited iodine atoms J reacting with

the radicals many times faster than the excited atoms. The dependence of the rates
of these reactions on laser field intensity is due to the fact that in causing
stimulated transitions, this field changes the concentrations of excited and unex-
cited iodine atoms.
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In development of enthalpy-stimulated scattering, both ultrasonic [Ref. 1] and
temperature waves [Ref. 2] may arise. It will be shown in this paper that the
enthalpy of chemical reactions gives rise to many phonons for each scattered pho-~
ton rather than just one phonon as is the case in stimulated Mandelstam-Brillouin
scattering. Relaticns will be derived for the intensity of ultrasound excited
during enthalpy-stimulated scattering, and it will be shown how many phonons are
produced for each scattered quantum of light, including numerical estimates of
these quantities for specific experimental conditions.

2. Formulation of the Problem and Initial Equations

Since we need account for only the two fastest of all chemical reactions that occur
in the active region of photoriissociation lasers [Ref. 3] when considering enthalpy-
stimulated scattering, i. e.

- R+J-RJ, 1y
R+R"*R2’ (2)

the power released in a unit of volume can be represented as

Q=q,%#,[R1J 1+ g.5,[R ]2 (3)
All symbols used in (3) are explained in Ref. 1 and 2.

Since [J] depends on the intensity of the resonant laser field, intensity fluctu~-
ations according to (3) lead to energy release that is nonuniform with respect

to volume. As a consequence of thermal expansion of the gas in nonuniform heating,
ultrasonic waves arise which, as shown in Ref. 1, are replenished by the enthalpy

of chemical reactions (1), (2), and the energy of the stimulating emission is trans-
ferred to the electromagnetic wave scattered by ultrasound, i. e. enthalpy-stimulated
scattering arises.

To find the intensity of the ultrasound that arises in enthalpy-stimulated scat-
tering due to the enthalpy of chemical reactions, let us consider in more detail
the efrect of the laser field on processes of energy release in the nonlinear ac-
tive medium of iodine photodissociation lasers. Let two waves propagate in this
medium: a powerful stimulating laser wave '/, (E exp(iw, t—ik,r)4 comp. conj.) and

a stimulated scattering wave '/, (Esexp(iogf—iksr)+ comp. conj.), both waves being
planar and linearly polarized. If the intensity of the scattered wave, which is
proportional to Eg, is much less than the intensity of the stimulating wave, which
is proportional to EB, then the deviationsof particle concentrations from those
that would have occurred in the absence of a scattered field are small, and (3)
can be represented as

Q=Q0+Q1, (4)
- where Q0=q1x1[R]0[J]0+q2'7£2lR](2)l Q1=‘71'7fl[R]o [Jlx+(‘hxl[“o+242~7f2[R]o)[R]1; U]o: [R]o
are the concentrations of particles in the absence of a scattered field; [J1ys [R]:

are the deviations of concentrations from [J]o, [R]g.

We will limit ourselves to consideration of ultrasound whose frequency Q=0,—wg
is much greater than the probabilities of recombination of iodine atoms and radicals
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which, according to Ref. 1, are equal to x,[R}, and #,[{J],+4%,[R],, and also much
greater than the probability of induced transitions 0y/,/f ©;, where oy is the cross
section of amplification of the laser field; Iy, is the intensity of laser emission;
is the energy of a quantum of the laser field. Utrasound excited in iodine

photodissociation lasers, as showa by experiments [Ref. 4, 5], satisfies these

- conditions. Actually, from the increase in divergence of laser emission and from
the characteristic transverse dimension of small-scale optical inhomogeneities
we can conclude that scattering occurs at angles of 5-10 mrad to the direction
of propagation of the stimulating radiation. At a laser emission wavelength of

=1.315 pym [Ref. 3] in mixtures with CO,, where the speed of sound v,z = 260 m/s,

this corresponds to Q= (6-12)10% rad/s, while the characteristic values of

- A1 [R1g~3 113 1o+ 4%, [R1,~10% s™1, and probability oy/,/fw,<<108s™! right up to laser
radiation intensities of ~10° W/cm2.

Within the framework of this limitation, as implied by Ref. 1, in the steady state

[J11r1/Q, while [R];™!1/Q% and as a result the second term in the expression for Q

can be disregarded compared with the first, and the equation for [J]; can be approxi-
_ mated by

B[J]1/0t=0onll/ﬁ OJL, (5)

where A,=1[J*)—(g./g,)J)p; 1J*];, is the concentration of excited iodine atoms in
the absence of a scattered field; g,/g; is the ratio of the statistical weights

of the upper and lower lasing levels; /,=[(ncE E/8m)exp(iQf—iqgr) 4 comp. conj.) is
the deviation of intensity of the overall field from Iy; n is the index of refrac-
tion of the medium; q=k,—ks. Substituting [J], found by using (5) in Q;, we get

. d A . . . T
Q=—i M,Tlf?]gy_o % E Esexp (iQ1—iqr) + comp. conj. (6)

- The linearized equation of gas dynamics with consideration of the power Q released
in the medium takes the form [Ref. 6]

2 ] 1 {dp
v 5 vl = —rj(“ﬁ ),,V’ jadt @

where p is the density of the material; I'=4n/3+n'; n and n' are the shear and
volumetric coefficients of viscosity; T is absolute temperature; (3p/3S)p is the
derivative of pressure p with respect to entropy S at constant density p. Using
(7) with consideration of (4) and (6) we find the change in density of the material
in the ultrasonic wave, and then the intensity of ultrasound.

3. Principal Results
Let us consider the steady-state case, i. e. we will assume that the duration of
a pulse of stimulating radiation is much greater than phonon lifetime 1/2av,,,

where o 1Is the coefficient of absorption of sound. In this case the deviation
Z of p from the equilibrium value p, will be sought in the same form as Q;, i. e.

dp=1/,pexp(iQt—iqr)+comp. conj., @
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where the complex amplitude of p is time-independent. If we assume in this case
that the amplitudes of light and sound waves as well as concentrations [J] and
[R] change slowly over distances of the order of a wavelength of sound, then we

get an equation for 3 from equation (7) when (8) is substituted into (7) with con-
sideration of (6):

’

2 2
Tt (i ta g )F (2] o R o

20, Qup Qs / T\GS JoRor 02 8n ErEs (9)
where the derivation is based on relations au,=!,Tq? and Qms=u,,|q| [Ref. 7, 8].
We select a right-handed rectangular cartesian coordinate system in which the oper-

ator YV acts in such a way thag the direction of the X axis of this =ystem coincides

with the_}directign of vector q, while the Z axis lies in the plane passing through
vectors kr,, kg, q. Then

(av)p/g=dp/dx,

and, using the thermodynamic identity

Loy _ ¥ (00
T as),,“ Poco \ OT |,

where cp is specific heat at constant pressure, we transform (9) to

dp . QP —Qls Q\~ i (ap a1 £1{R1eOvB Qg  cn
9% +1i TR As— |p= —-(——)
x Vy8M6 Qb ) Pacp

= T , koL Vanl? B E, (x,2) E;(x, 2). (10)

Equation (10) is a linear first-order differential equation with solution that can
be represented as

~ Q . -0 i (9 I, [RIoyd
x)-=p (0)ex —a—x—-t————-x [ 9 1 OyBlo
PlD):=p0) p( Yus 2v, 805 pocp(aT )p Rop vt~

. i
. ’ Q ’ .
xQMs—%—SEL(x’,z)ES (x ,z)expl_;—ms(x-—x)—t X,
0

92'—9;/15 1 ' 11
Xms—(x—x) dx’. ( )

Let us assume that the rate of acoustic losses is greater than the rate of change
in Ej, and Eg in the direction of sound wave propagation, i. e.

« |9} 3 1

Oy,
QMB ’> Ey

dx

1

’ Es

JEg
ox

Let us further take into consideration that the factor expl—aQ(x —x')/Qy;] makes
the principal contribution to (11) in region |x—x'|<Qms/a|Q|. Then E (x', 2)E} (¢', 2)
can be brought out of the integrand, and its value can be taken at x=x'. Then
in region xPQup/a|Q| we will have

P(X,Z)zac_p T Bn

i (%) o Rl n  ELlAESED g
(—)phm,, Q 8n T(R— Qyp) + 095
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where it 1s taken into consideration that in iodine lasers amplification of the
scattered field is realized on the Stokes frequency [Ref. 1], and the half-width
of thermal Mandelstam-Brillouin scattering [Ref. 9] is

Substituting (12) in the known relation for sound wave intensity [Ref. 10]

1= 034(80)%/py = v3s I'o*/20,,

where the vinculum over (8p)? denotes averaging over the period of the sound wave,
we get

3
Usn

IaB(Q)ZE

(_L(ﬂ_ 91 &y [R}ggyAc\2 I ls , (13)
Pocp \ 0T )p hoyp Q (Q — QMB)3 + (GQMB)'l

where [, =cnE}/8n, Is=cnE%/8n.

Using the expression obtained in Ref. 1 for the gain of enthalpy-stimulated scatter-
ing

_ 1, (9e/dp)r gy K,y [R|e0yA, 6Qy 5
g =5 ks cpTn? ﬁm,L o (2 — Qup)® + (625)? I, (14)

we transform (13) to

Q) Q
15 Q)= Kg;az’s s, . as)
where 2
o 2envly T 0p\2 g1 Hi[RJOyBy .
K“'(pée/&p)rpr (T —5—)‘, ﬁmlL Q2 . (16)

Coasidering that the product g(Q)Is= Pg is the density of power transferred to

the scattered field with frequency wg, and the product 2aI;5(Q) =Psp is the demsity
of power transferred to the ultrasonic wave with frequency {2, we get the following
relation from (15):

Py =KPsQlwg, (17)

from which we see that K is numerically equal to the number of phonons produced
upon scattering of each light quantum.

4. Discussion of the Results

If we were to have K=1 in (17), it would then mean that a single phonon is produced
when one photon is scattered, and (17) would be the well known Manley-Rowe relation,
which holds in particular in the case of stimulated Mandelstam-Brillouin scattering
[Ref. 8]. Let us estimate K in enthalpy-stimulated scattering in the thermodynami-
cally nonequilibrium active medium of iodine photodissociation lasers operating

in the quasi-steady state amplification mode.

To do this, we express [R]y and A¢ in (16) in terms of the parameters of the working
substance, the pumping source and the intensity of the stimulating field. We limit
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ourselves to the case where J »/y=ey/t; (Iu and &=} 0, /o, are the intensity and

y energy of saturation cf the laser transition [Ref. 11]); Tp is the time of nonradia~
tive relaxation; Iy S 10° W/em? since 1y, as implied by Ref. 12, is at least 107% g,
oy =107 em?, huwp=15-10"2° J [Ref. 3]. 1In this case, if we disregard the accumu-
lation of molecular iodine in the amplification process, the quasi-steady concen-
trations [R]y and Ay can be estimated by the formulas [Ref. 2, 3]:

N / i g ! w \2 wNoIL —_
Rlo= ¥V (T( H‘?:) L ;'we,."x_,) + BB, (L + wen)
L &\ _ L @ ' 18
_2(1+ E1)1L+wenu7f1’ (18)
AD ~ 23'%‘2- [nggn/lln (19)

where Ng is the initial concentration of working substance, w is the probability
of photodissociation of molecules of the working substance under the effect of

UV pumping radiation; B = 10-25 1s a constant that depends slightly on initial con-
ditions [Ref. 3].

Substituting (19) in (16) and taking consideration of the fact that Q= Vypqs and
q=2n/A, where A is the wavelength of ultrasound, we get the dependence of K on
Rlo:
] [R]o K=i(l_"£2 0, X IRIG (A3 (20)
n \p ar), (poe/op)rcsT L
With consideration of (18), formula (20) gives the dependence K(w), from which
we see that K increases with increasing w. The figure (curves 1, 2) shows the
dependences K(w) for a mixture of n-C3F;I at pressure
of 0.03 atm and a buffer gas of CO2 at pressure of 0.7
atm, which can be treated at Tz 300 K as an ideal gas
with properties determined by the buffer gas. The
thermodynamic parameters appearing in (20) are as fol-
[Ref. 13]; kr=4.78-10" em™; n=1; q, = 3.8-1072° J
[Ref. 14]; go/g1 =0.5 [Ref. 3]. The reaction rate con-

/A%, 10° W/cm?

»
8% stants X, and J, for the n-C3F;I molecule are 7-10712
A ) ™ cm®/s and 2-1071% cm®/s [Ref. 15]; No=7.5-10%7 cm™®,

T'w, s In the calculations B was taken as equal to the geometric

Curves for the number of mean of the minimum and maximum values, i. e. 8= v250216.
phonons produced in scat-~ The quantity Ij, was varied over limits such that on the
tering of a single light one hand the condition Iy>>I,= 10® W/cm?* was satisfied,
quantum normalized to A®> and on the other hand the condition o,/ &%, Q was not
(1, 2) and for intensity violated, where formula (6) is valid.
of ultrasound normalized

_ to A®(3, 4) as functions Under typical experimental conditions [Ref. 5], where

of the probability of photodissociation of n-C3F,I molecules is produced by
- photodissociation of ultraviolet radiation of an open discharge, w=z 5-10% 571,
n-C4F,1 molecules at a and Iy, = 105 W/em?. In this case, as can be seen from the
_ laser field intensity figure, at characteristic scattering angles of 6z 5-10
of Iy =10 (1, 3) and 100 mrad, from 5:10° to 2-10* phonons are produced for each
kW/em? (2, 4) scattered light quantum. These quantities may be off from
the true values by a factor of 1.26 due to uncertainty
of B.
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Let us now estimate the intensity of ultrasonic waves. To do this, we represent
formula (13) for I;5(R) with consideration of (19) in the form

_ L (T op 9,4, K, ”uﬂ le
13,(9)_2% ((P oT )p cpT )92((9 Qu5)? + (69u5)?) l'— (@1)

It is clear from (21) that the ultrasonic waves with maximum intensity are those
with frequency Q=Qus =U;sq- Considering the relation 286Qus=Tq?, we find that
the maximum intensity

e A [(T 2) Ml%]" 9 RIS I @2)
32ns p oT cpT pol?2 . 1L
When (18) is substituted in (22), we get the dependence IP@X(w). Since [R], ap-
pears as its sixth power in (22), the intensity of ultrasound is quite strongly
dependent on the probability of photodissociation of molecules of the working sub-
stance. This is illustrated on the figure by curves 3 and 4, which show the depen-
dences Imax(w) as calculated from (22) for the same experimental conditions as K.
The follow1ng parameters of the medium were additionally used in the calculations:
po=107% g/em?, vy =2.6- 10“ cm/s, n=1.49-10"" g/cm+s [Ref. 13]. The volumetric
coefflcient of viscosity n' is taken as equal to n. In this situation the coeffi-
cient of absorption of ultrasound agrees well with reality at the given pressures
of CO, and frequencies of sound [Ref. 16, 17]. The ratio Ig/Ij, was preassigned
as equal to 0.1.

From the curves on the figure we can see that when w=35- 10* s7%, Iy, = 10° W/cm? and
8 ~5-10 mrad, we have 133%¥~0.01-0.7 W/cm?. This corresponds to experimental data
on relative change of gas density in small-scale optical inhomogeneities [Ref.
4, 5], where it is equal to 1%. Since B appears in (22) as its square, the re-

- sultant values may be off from the true values by a factor of 2.5 due to uncertainty
of B.

It can also be seen from the figure that at Ip=10° W/cem?, a reduction in w by

a factor of only 5 leads to a reduction of the intensity of ultrasound by a factor
of more than 100, i. e. /¥t wd. But if Ig= 0 at the amplifier input, and enthalpy-
stimulated scattering starts with spontaneous noises, then as w decreases there

will also be a reduction of Ig in the volume of the amplifier, and as a result

the dependence IT3X(w) will be still sharper. In this sense, enthalpy-stimulated
scattering is a threshold process with respect to the probability of photodisso-
ciation of molecules of the working substance, i. e. with respect to pumping power,
which agrees with experiment. As we know, small-scale optical inhomogeneities

in iodine photodissociation lasers are observed only when a certain level of pumping
power is exceeded [Ref. 4, 5].

In conclusion the authors thank N. G. Basov for supporting the work, and 0. Yu.
Nosach for constructive discussions and assistance with the work.
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UDC 621.373.8.029.071
NONLINEAR OPTICAL INHOMOGENEITIES IN ACTIVE MEDIA OF GAS LASERS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Seb 81 (manuscript re-
ceived 13 Mar 81) pp 1987-1989

[Article by L. A. Vasil'yev, M. G. Galushkin, A. M. Seregin and N. V. Cheburkin]

[Text] A theoretical examination is made of the mechanism of
formation of nonlinear optical inhomogeneities in active media
of gas lasers that is associated with the influence of emission
intensity on the relaxation rate of excited molecules. . Density
perturbations of the amplifying medium of a CO; laser-are calcu-
lated, and an estimate is made of the change in phase character-
istics of its emission.

An important factor that determines the phase characteristics of output radiation
of high-pressure gas lasers is the formation of gasdynamic perturbations caused
by the limited range of energy input [Ref. 1], Therefore the radiation usually
takes up only part of the volume of the active medium for elimination of their
effect.

However, under certain conditions in molecular lasers and amplifiers the dynamics
of heat release depends on emission intensity as well, which also may lead to spa-
tial nonuniformity of temperature, pressure and density of the working substance.
In the CO, laser the rate of nonradiative relaxation of CO, molecules from the
lower lasing level may be an order of magnitude greater than the rate of relaxation
from the higher level, and therefore induced transitions are conducive to faster
transition of CO, molecules from the upper laser level to ground level. As a re-
sult, the rate of heat release in the emission zone may be considerably greater
than in the remaining region of the active medium, and during a pulse, more thermal
energy may be released in a unit of volume of this zone than in the near vicinity
[Ref. 2]. For this reason, a temperature differential arises on the edge of the

- laser beam, resulting in formation of perturbations of density of the gas medium.

For quantitative analysis of this mechsnism of formation of nonlinear optical in-
homogeneities in an amplifying medium, we use a model of kinetics of an electron
beam-controlled CO, laser in the quasi-cw mode [Ref. 3] where a change of its phase
characteristics 1s most appreciable:

des 21 +4py | p — A
7%:17"4‘7""[—3D+;'YMkzuM(eﬂT—52)]+m?1(9,—91)kN’ M
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des aJ
di =Ps+pID —yakyg (5 —gg)] — 10— B RN 2
de
—dt‘ =Pat P [¥1kis (85— 20) + skag (?ﬂ'.— e)l; (3)
dT
ar = 0—1) pByy, % Tahaon (Ear — £3); (4)
dJ ’
ar = ¢ (@ — kn), (5)

where

1—-8,)3 B.e3 {1l +e
(1-8,) ZYMan 383 {1 +23) PP
M

D = gm—b— =
B2

T 8(1—By)
m = (33 + 6ey + 2)/2 (1 +¢,)%; B, =exp (—6,/T);

€i is the average number of vibrational quanta per molecule in the corresponding
vibrational modes; subscripts i=2, 3, 4 refer respectively to deformational and
antisymmetric modes of oscillations of CO;, and to the type of normal oscillations
of N2; p, T are the pressure and temperature of the gas; yi1,2,3 are the mole frac-
tions of CO,, N, and He respectively in the mixture; kg is threshold gain; 6, =

1980 K; 6, =960 K; 63=3360 K; Nk=p/T; Pi=jE6i/yikNO4; o is gain; j, E are the
current density and electric field strength in the discharge; 6; is the relative
fraction of pumping power that goes to the vi-mode; J is intensity of laser emission;
vy is the adiabatic exponent of the gas; eyr is the equilibrium number of quanta

in the modes.

= System of equations (1)-(5) was numerically solved in the radiation-filled region
at threshold gain k= 1.46:10"° cm™! and at different pumping values N; = jEt,/p,.
where Ty is pumping duration. A solution was also found for system of equations
(1)-(4) at J=0, referring to the region where there is no radiaticn.

Figure a shows the time depen-
dences of the temperature of
the mixture in the region of
radiation T; and outside it
T2 for pumping values that are
B constant during the pulse and
. in space, varying over a range
ar of 1.5<N;<10.

HHgEN g

sk Figure b shows the time change
in the difference of thermal
0 77 w,/,”' energy in a unit of volume
a b cht) = Ql (t) - QZ(t) ’ where
Q1 (t) refers to the region of
: radiation, and Q,(t) refers
- to the vicinity of the laser
- Time dependence of Ty, T, (a) and thermal energy beam. For all investigated

differece AQ (b) for N;=1.5 (1), 5 (2) and cases the dependences T;(t),
o 10 (3). Mixture CO;:Ny:He=1:5:4, py=0.1 MPa, T2(t), AQ(t) show qualitatively
Ty=300 K, ty=50 us. simplar behavior. ‘
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Considering the nature of the time dependence of function AQ(t), in calculating
the distortion of gas density on the boundary of the luminous region we will use
an approximation of the form AQ4(t) =oot(l-t/1), where 1 corresponds to lasing

- duration, and ay can be determined from the condition of equality of the maximum

- values of functions AQ(t) and AQ4(t) from the values of AQ(t) calculated from equa-
tions (1)-(5).

In the acoustic gasdynamics approximation in the case of cylindrical symmetry

9(8p) | pod ()
at F or =0 ©
, ._Ov d (8p) apr
p°7+a27+—_6r =0, @

where pr=(y— 1AQ () = (y—1)a i (I—t/t); Sp=p—py; po is initial gas density, v is =
radial velocity and a is the speed of sound.

Let us solve equations (6), (7) under condition of a sharp drop in radiation inten-
sity on the edge of the laser beam, since in this case the density perturbations
have the strongest effect on the optical properties of the medium. We introduce

a new coordinate n=r-R (R is the radius of the laser beam). Density distribution
8p(n, t) in the perturbed region (|nl Sat) will be determined for the unsteady
case (t<<R/a), where motion can be considered two-dimensional. The solutions of
equations (6), (7) are waves traveling in opposite directions from the edge of

the laser beam, and the change of density in region r <R [Ref. 4]:

—1 2 ¢
et a2 (-2 ] e
- Sp=0, In|>at (8)

By simple transformations, (8) can be reduced to the form

- _ 2 1 .
69:%}}“‘0““‘4"%1_“) bzl Sagm"y 9)

from which we see that the change in index of refraction with respect to coordinate
n has a parabolic profile.

1t is known that an inhomogeneous square~law medium characterized by index of re-
fraction n=ng-%n;n? in the case nj;RL<<l can be replaced by a thin lens with focal
length f=ng/n;L, where L is the length of the inhomogeneous medium aleng the beam
[Ref. 5]. Taking into consideration the relation &, = BySp, where Bp is the
Gladstone-Dale constant, we find that the perturbations arising on the boundary

of the laser beam act as a thin dispersing lens with focal length f=nota"/auBo(y-1)L
that moves at the speed of sound toward the beam axis. During a pulse, such a

lens benetrates into the laser beam to distance at, and causes distortion of its
wave [ront. By the end of the pulse (t= 1), the center of the lens is at distance
R- r=ar/2 from the edge of the beam. Hence the maximum angle of beam deviation is

Omax=at/2f= (y—1)B o o L/2n14a3. (10)
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Let us estimate angles @,y for the three cases shown in Fig. a where ag= 13.3,

3.2 and 2.1 kW/em®. After substituting values from (10), we get 6,,,/L=1.5-10"2,
0.36+10"% and 0.24+10~2 m~! respectively.

-

Thus under typical experimental conditions the nonlinear optical inhomogeneities
that arise on the boundary of the luminous region due to a difference in the rates
of relaxation of excited molecules may have a considerable effect on the phase
characteristics of radiation. This mechanism of formation of nonlinear optical
inhomogeneities shows up in greatest mezsure in gas lasers with unstable confocal
cavity in which the width A of an annular beam (A<R) may be comparable with the
length traveled by 1 sound beam during the pulse.

REFERENCES

1. Glotov, Ye. P., Danilychev, V. A., Kruglyy, A. Ye., Pustovalov, V. V., Soroka,
A. M., Cheburkin, N. V., KVANTOVAYA ELEKTRONIKA, Vol 5, 1978, p 1924.

2. Lamberton, H. M., Roper, V. G. in: "Gas-Flow and Chemical Lasers", J. F. Wendt,
ed., Hemisphere Publ. Corp., Washington-New York-London, 1978, p 471.

3. Biryukov, A. S., TRUDY FIZICHESKOGO INSTITUTA IMENI P. N. LEBEDEVA AKADEMII
NAUK SSSR, Vol 83, 1975, p 12.

4. Rayzer, Yu. P., ZHURNAL EKSPERIMENTAL'NOY I TEORETICHESKOY FIZIKI, Vol 52,
1967, p 470.

N 5. Markuze, D., "Opticheskiye volnovody" [Optical Waveguides], Moscow, Mir, 1974.
COPYRIGHT: Izdatel'stvo "Radio i svyaz'", "Kvantovaya elektronika", 1981

6610
Cs0: 1862/41

53

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

[T

FOR OFFICIAL USE ONLY

UDC 621.375.8

FEASIBILITY OF DEVELOPING EXCIMER LASERS WITH IONIZATION BY EXTERNAL LOW-POWER
SOURCE

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(1l1), Sep 81 (manuscript re-
ceived 6 May 81) pp 1992-1993

[Article by A. Yu. Aleksandrov, N. G. Basov, V. A. Danilychev, 0. M. Kerimov and
A. I. Milanich, Institute of Physics imeni P. N. Lebedev, USSR Academy of Sciences]

[Text] A method of pumping excimer lasers is proposed that is
based on accumulation of negative ions, and model experiments
are done using an electron beam as an external ionizer. Lasing
on transitions of the XeF excimer (A =353 nm) was observed at
the minimum negative ion concentration of ~10*' cm™

The development of electroionization and electron-beam pumped excimer lasers has
now reached a qualitatively new stage associated with the fact that with respect

to some important parameters like efficiency (11% [Ref. 11), specific energy output
(~40 J/1 [Ref. 1]) and others, they have come close to electroionization CO, lasers.
However, there are a number of obstacles in the way of development and axtensive
industrial introduction of such lasers, the main one certainly being destruction
of the foil that separates the vacuum space cf the electron gun from the laser
chamber. “he foil is destroyed because the current densities of the electron gun
that are tequired for exciting the active medium of an excimer laser are consider-
ably greater than those required by electroionization CO, lasers (by a factor of
102-i0%). This paper is devoted to a study of one possibility of reducing the
current density of the electron gun.

Several methods can be suggested for attaining this goal with the common feature

of setting up another channel for electron production besides direct ionization

by high-energy electrons. For example an earlier paper [Ref. 2] proposed using
photoionization of metastable states of noble gas atoms as such an additional chan-
nel. Analogous results can be achieved by using Penning-discharge ionization,
photoionization of an easily ionizable additive and so on. In this paper we study
the feasibility of accumulating negative ions (which are essentially an easily
ionizable additive), and using them as electron donors.

Let us write a system of equations that describe the change in concentration of
electrons n and negative ions H~ in the active medium of an excimer laser:
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dn
“df = 9—onH;

dH~
i =oanfl —BH— (n + H-),

where o is the sticking constant (1.5-107° cm®/s for NF3 [Ref. 3]); B is the recom-
bination constant (5-10~% cm®/s for He at p=2 atm [Ref. 4]); q is the concentration
of electron-ion pairs created by the ionizer in a unit of time; H is the concentra-
tion of halogen-containing molecules.

The equilibrium ccncentration of electrons n=gq/(cH) is reached in time tyz(aH) 'z
10 ns in mixtures that are typical for excimer lasers.

The equilibrium concentration of negative ions

P Y
V b " TIR Tl M
is reached in time Tg % [qB+ qzez/(lmzl'lz)]‘%.

After the action of the external ionizer stops, the concentrations of electrons

and negative ions decrease from the initial values of ny and Hy by the laws
n=neexp(—aHt), H-=H7/(14+H7BY). )

It was shown in Ref. 5 that effective operation of an: excimer laser requires a

concentration of negative ions of ~5-10!! em™?%, which according to (1) corresponds

to an external ionizer with gq=5-107 cm—%.s-1.

In the case of a helium laser mixture at a pressure of p=2 atm when using an elec-
tron beam as an external ionizer, the current density of the electron gun should

be equal to j=1 mA/cm?. Then the concentration of negative ions is settled within
g1 us.

Thus by using a relatively low-power ionizer we can accumulate negative ions and
then, by applying a voltage pulse with E/p=5 kV/(cm-atm) to the discharge gap,
we can loosen the electrons from the negative ions, multiply them, and finally
stimulate the active medium of such a laser.

In our research, we did experiments to simulate the operation of such an excimer
laser. To do this, after exposing the active medium of the XeF excimer laser to

- an electron beam for 50 ns (A =353 nm, mixture He:Xe:NFj3=350:2.5:1, p=2 atm,
volume of active region 0.5x1.5x 18 em= 14 cm®), a voltage pulse was applied to
the discharge gap with delay controllable over wide limits (up to ~10 us). By
combining signals from voltage meters across the peaking capacitance of the electron
gun [Ref. 6] and across the cathode of the discharge gap, we monitored the time
delay and voltage amplitude across the discharge gap. Fig. 1 shows a typical oscil-
logram of the voltage pulses [photo not reproduced].

The dependence of lasing energy on delay time at different electron beam current
densities is shown on Fig. 2. This curve implies that the minimum concentration

of negative ions at which lasing is just observed is about 101! em™%, which agrees
with the results of Ref. 5. It should be noted that we did not optimize the mixture
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Fig. 2. Dependence of lasing energy on
delay time; mirror reflectivities ~100%
and ~907%

J=14)cm?

) 490 00 T, NS

with respect to maximum attainable initial negative ion concentration. Moreover,

an appreciable increase in lasing energy when the voltage pulse across the discharge
gap is superimposed on the electron beam pulse shows the considerable part played

in the multiplication process by the initial concentration of electrons produced
directly by the electron beam.

And so, in our research we have suggested ways to eliminate the drawbacks of the
electric-discharge laser with ultraviolet pre-ionization-- restrictions due to
the short mean free path of the UV photon (~10 cm [Ref. 7]) on the maximum volume,
degradation of the mixture as a consequence of the high spark temperature of the
ultraviolet ionizer, inefficient utilization of the ultraviolet ionizer because
of its nonuniformity [Ref. 5], etc.-—-by using an external homogeneous ivnizer.

Moreover, when using present-day sources of ionizing radiation (electron guns that
operate in both the cw and pulse-periodic modes, continuous-duty nuclear reactors,
pulsed x-ray units and so on), we can realize the pulse-periodic operation of
excimer lasers with pulse-recurrence rate of tens of kilohertz and an average

- radiation power of several kilowatts.
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UDC 621.373.826

MEASURING COPPER VAPOR CONCENTRATION AND DEGREE OF GAS HEATING IN TRANSVERSE-
DISCHARGE COPPER-VAPOR LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Sep 81 (manuscript re-
ceived 9 Dec 80) pp 1996-2000

{Article by B. L. Borovich, L. A. Vasil'yev, V. Ye. Gerts, S. A. Negashev, S. N.
Regeda and L. N, Tunitskiy]

- [Text] Copper vapor distribution over the discharge gap cross
section is measured in a transverse-discharge copper-vapor laser
on the basis of integral absorption in the resonant line. The
gas temperature profile in the discharge is determined, and an
estimate is made of the coefficient of conversion of electric

- energy to heat in a nanosecond pulse-periodic discharge (about
30%). The gas in the center of the discharge gap is heated to
a temperature of about 2500°C.

Emission parameters that have so far been achieved in copper-vapor lasers [Ref.
1, 2] are still far from those expected, especially with respect to efficiency

- and specific energy output. At the same time, there are not enough experimental
data on characteristics of the active medium to construct an adequate model of

_ physical processes in such lasers. Further progress in increasing efficiency of
lasers of this kind can be assured only by a detailed study of physical processes
and parameters that determine the particulars of their operation, such as concen-
tration of working particles and electrons, degree of heating of the gas, electron
energy and so on.

TLis paper gives the results of measurements of the distribution of copper vapor
concentration in a laser with transverse discharge [Ref. 2]. We also determine
the gas temperature profile in working modes, and the coefficient of conversion
of the electric energy invested in the discharge into heat. Measurements were
based on the well known spectral method of determining particle concentration from
the integral absorption of probing radiation in the resonant line [Ref., 4] (for
copper we used the line 4235&—42P95’ A=324.7 nm). Under the conditions of the

experiment, the size of the transilluminated zone and the concentration of copper

vapor were such that the index of absorption in the center of the line koL was

large (~10°), and the intensity of the transmitted light was determined by absorp-
= tion in the far wings of the line, i. e. by the lorentzian part of the line contour.
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Fig. 1. Schematic of measure- Fig. 2. 1Integral absorption
ment system: 1--DKSSh-3000 as a function of width of the
lamp; 2--disk modulator; 3 and monochromator slit

7--quartz lenses; 4, 6 and 10--
mirrors; 5-~laser chamber; 8--

MDP-2 monochromator; 9--FEU-36

photomultiplier; 1l--disk shut-
ter; 12--photodiode; 13--LG-13

laser

- In this case the strong absorption approximation is applicable, and assuming that
the width of the slit of the spectral instrument is sufficiently great, the concen-
tration of copper vapor is

- Ney= A’mcdAderfyl, (1

where A= f[[(Io~1I)/Iy]d\ is integral absorption (the parameter to be measured);

Io and I are the spectral intensities of the probing radiation at input and output
of the chamber respectively; m and e are the electronic mass and charge; c is the
speed of light; Ay is the wavelength in the center of the line; f is the oscillator
strength of the given transition; y=aNcy+bNcy is the lorentzian width of the

line determined by collisions with neon and copper atoms [Ref. 5].

A schematic of the system for copper vapor concentration measurements is shown
_ in Fig. 1. The emission source was DKSSh-3000 xenon lamp 1 with continuous spec-
trum. The quartz lenses and mirrors 3, 4, 6, 7 shaped the probing beam and focused
it on the input slit of MDP-2 monochromator 8. The radiation receiver was FEU-36
photomultiplier 9. Every effort was made to suppress spurious background illumi-
nation, the main source being luminescence on the probed transition excited by
the laser pumping source--a high-voltage nanosecond pulse generator. Two techniques
- were used to enhance the signal-to-noise level. First, the emission of the xenon
lamp was modulated at a frequency of 87 Hz by a mechanical modulator 2, and the
photomultiplier signal was recorded by a resonant voltmeter with passband of
4.35 Hz. Secondly, A disk shutter 11 was placed in front of the monochromator
input slit. Signals to trigger the voltage pulse generator were supplied from
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photodiode 12 at the instant when the recording arrangement was covered by the
disk. The recording system was uncovered ~100 us after the excitation pulse, with
duration of ~100 ns. Thus the measurements were taken in the space between pulses
when the luminescence intensity had fallen to a negligible level. Pulse recutrence
rate wa . 2.8 kHz.

To determine the distribution of copper vapor concentration over the cross section,
diaphragms were installed on the laser chamber windows. The neon pressure in the
chamber was monitored by a laboratory voltmeter. The temperature T of the walls
of the acitve zone of the chamber, determined by copper vapor concentration in

the working zone, was measured by an LOP-72 pyrometer. In each working mode, the
copper concentration was measured 5-6 times, and then the average was taken.

The width of the monochromator slit was selected on the basis of two considerations.
On the one hand it had to be large enough so that the entire section of the spectrum
cut off by the absorption line would fit into the spectral width of the recording
system. On the other hand, 2.7 nm from the line to be used is another resonant

line QZSH&—AzPy&, A=327.4 nm, and we had to be sure that the wings of this line

would not fall into the region of registration. This imposes constraints from
above and below on the width of the monochromator slit, and consequently on the
measurable copper vapor concentration. Fig. 2 shows typical dependences of the
square of the integral abssrption on the width d of the monochromator output slit
at different temperatures of the discharge chamber walls. At a wall temperature
below 1500°C, dependence A%(t) shows pronounced saturation, which demonstrates
the feasibility of using the selected strong absorption approximation. At higher
temperatures, and consequently at higher copper concentrations, saturation is not
reached because of the contribution that the adjacent line makes to absorption,
and the proposed method of measurement is inapplicable.

The copper vapor concentration was determined by using values of the line width
- from Ref. 5, and specifically y=4-10% em™! at Nye = 1.3-10%% em™8.

Another source of errors in determining N, is the inconstancy of copper vapor
concentration lengthwise of the region being probed due to the inconstancy of

the temperature of the walls of the discharge zone of the chamber. Special measure-
ments of the wall temperature made with a pyrometer and graphite rods with a depres-
sion simulating an absolutely black body gave a temperature spread over a range

of 20 K with the exception of the end regions taking up about 207% of the entire
length of the chamber. Temperature falls off sharply on the ends. With consider-
ation of the temperature dependence of copper vapor concentration in the given
region, the error in determination of the average copper concentration due to

edge effects apparently does not exceed 10%.

The overall absolute accuracy of determining copper vapor concentration is apparent-
ly not worse than 407. Experimental confirmation of this value can be seen from
Fig. 3, which shows the measured dependence of copper vapor concentration on tem-
perature of the walls of the discharge zone without switching on the discharge.

Also shown on this figure is the saturated copper vapor concentration from Ref. 6.
The difference between the two curves does not exceed 307%. Let us note that the
accuracy of determining temperature profile is considerably higher than the accuracy
of absolute measurements.
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Fig. 3. Copper vapor concentra- Fig. 4. Distribution of
tion as a function of the tem- copper vapor concentration
. perature of the chamber walls over the cross section of
(without discharge) the discharge gap

Fig. 4 shows the distribution of copper vapor concentration over the horizontal
cross section of a discharge zone of 6x 6 cm for different pumping powers. A typi-
cal feature of these dependences is a dip in concentration at the center of the
discharge zone. The depth of the dip increases with increasing power input. This
behavior of the distribution can be attributed to the fact that in the center of
the discharge gap the temperature of the gas is higher than on the edge since when
the pressure is constant through the volume, the particle concentration is lower
where the temperature is higher.

The change in copper concentration when pumping is started (or stopped) enabled
measurement of the gas heating temperature. For this purpose, the change of inte-
gral absorption was measured when pumping was started (stopped). Recording was
done several seconds after starting (stopping). During this time, the gas had
time to heat up to the steady-state temperature, but the wall temperature of the
discharge zone (and hence the saturated vapor concentration) did not change appre-
ciably. According to measurements, in 10-20 s the wall temperature changed by
only 5-10 K. Under the given conditions, the copper vapor could be treated as

an ideal gas, and we could assume that ANCu/NCu==ATg/Tg, where Tg is gas temperature.
If the experiment is done under conditions where impact broadening of the line

by copper atoms is insignificant, then, considering the temperature dependence

of the cross section of impact broadening of the line by neon atoms (o~T39),

we can readily get an expression for the gas heating temperature from (1):

Tg=Tgo (As/A)?°17,
where Ay and A are the integral absorptions without and with discharge respectively.

Fig. 5 shows the gas temperature distribution over the horizontal cross section

of the discharge zone for different pumping powers. The latter was determined

from the current-voltage characteristics of the discharge. In virtue of the specif-
ics of the measurement technique in these experiments, the pumping power was mea-
sured only by varying the amplitude of the voltage generator pulses. The recurrence
rate of the pulses was 2.8 kHz. The figure shows that the gas temperature in the
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Fig. 5. Gas temperature profile Fig. 6. Dependence of gas
temperature on power invested

center of the discharge gap is much higher in the discharge: in the
than the temperature of the chamber walls. center of tke gap (1) and
Under conditions that are optimum with at a distance of 0.2 xy from
respect to lasing power, the temperature the walls of the chamber (2)
of the center of the discharge zone reachss
about 2500°C, i. e. the gas in the center is heated by 1000 K. Under such con-
ditions the thermal population of the lower metastable level of copper (for the
green emission component) is about 1%. The resultant data also imply that the
degree of heating of gas by the discharge is a linear function of the electric
power invested in the discharge (Fig. 6).

On the basis of the temperature gradient on the walls of the discharge zone and
the coefficient of thermal conductivity of neon at working temperatures, we can
readily get the overall value of the heat flux carried off from the discharge gap.
By comparing the heat flux with the average power invested in the discharge, we
get the coefficient of conversion of electrical energy to heat (heating of heavy
particles) in the investigated pulse-periodic discharge--about 30%. The rest of
the energy invested in the discharge is apparently re-radiated and carried off

to the walls of the chamber by radiant heat conduction.

Thus, in the operation of a copper-vapor laser, rather appreciable heating of gas
takes place in the central zone of the diacharge, which apparently leads to direct
population of lower metastable laser levels, and in addition slows down the rate

of plasma relaxation in the period between pulses, which may cause considerable
population of metastable levels by electron impact. Besides, there is a nonuniform
change of plasma conductivity over the cross section of the discharge gap, which
leads to nonuniform energy release in the discharge, and to redistribution of the
electric field with respect to the height of the gap. All these factors can appre-
ciably reducé laser operating efficiency at high levels of pumping power.
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UDC 621.378.8

SUBNANOSECOND ATOMIC IODINE PHOTODISSOCIATION LASER

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Sep 81 (manuscript re-
ceived by PIS'MA V ZHURNAL TEKHNICHESKOY FIZIKI 19 Sep 803 by KVANTOVAYA ELEKTRONIKA
6 Mar 81) pp 2034-2035

[Article by V. I. Annenkov, A. V. Belotserkovets and S. V. Grigorovich]

[Text] The paper gives the results of studies of an iodine photo-
dissociation laser in the mode of periodic Q-switching by a %-wave
Pockels cell. The modulating voltage was formed by discharge

of a cable line, and was a series of damped pulses of trapezoidal
shape with steep fronts. The recurrence period of the Q-switch
transmission was matched to the round-trip time of light through
the cavity. The mixture used was C3F7I (7-15 mm Hg) and Ar at
total pressure of 1 atm. A train of subnanosecond laser pulses
was produced, consisting of 3-4 peaks. Total energy of the train
was 10-20 mJ, and minimum duration of an individual pulse was

0.4 ns.

The main requirements on the master oscillator of a laser facility for controlled
nuclear fusion are high quality of the beam, regular pulse duration (0.3-1 ns)
and high contrast of emission (>107).

u(t)
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Fig. 1. Optical diagram of the Fig. 2. Voltage waveshape
_ facility: 1--DKDP crystal; 2-- across the shutter (a) and
shaping line; 3--discharger; 4, transmission function of

5--cavity mirrors; 6-~polarizer; the shutter (b)
7--cell; 8--pumping lamp; 9, 10--

diaphragms; ll--beam splitter;

12-~ calorimeter; 13--SDF-11

photocell
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These requirements are met by a neodymium glass laser with periodic Q-switching
[Ref. 1]. The purpose of this article is to explain the working capabilities of
an iodine photodissociation laser in the periodic Q-switched mode, and to study
its characteristics. A diagram of the measurement facility is shown in Fig. 1.

The research was based on laser chamber 7 with inside diameter of 9 mn and length
of the active section of 1 m, with windows beveled at the Brewster angle. The
pumping source was two xenon flashlamps 8. The lamps were placed so as to minimize
the magnetic field on the axis of the cell. The lamp supply was from a 3 uF capaci-
tor charged to 50 kV through a low-inductance discharger. The main pumping energy
was released within the first half-period of the discharge current of 4 us duration.

Periodic Q-switching was accomplished by a }~wave Pockels shutter based on DKDP
crystal 1. 3haping line 2 with shorting discharger 3 produced the controlling
electric pulses across the shutter with period To1 of shape shown in Fig. 2a. The
corresponding transmission function of the shutter is shown in Fig. 2b. The charac-
teristics of the controlling electric pulses are as follows: charging voltage

4.5 kV, pulse rise time 1-2 ns, damping of pulse amplitude by a factor of e takes
place in time of 15Te1.

The working medium was a mixture of C3F7I (7-15 mm Hg) and Ar at a total pressure
of 1 atm. Gain of the active medium was selected so that the lasing threshold
was slightly exceeded -during pumping with the shutter closed.

Q-switching was started at the instant of the first zero of the pumping current.
This led to rapid development of a train of subnanosecond laser pulses with period
equal to the round-trip time of light through the cavity. Each train consisted

of 3-4 laser pulses. The pulses reached maximum amplitude after 10-15 round trips
through the cavity. The overall energy of the train was 10-20 mJ with a diaphragm
3 mm in dicmeter and cavity length of 220 cm. An instrument with time resolution
of ~0.3 ns was used to record the duration of an individual laser pulse. Pulse
duration was appreciably dependent on matching Tel with the round-trip time of
light through the cavity Tlight; in the case of optimum matching, pulse duration
reached a minimum value of 0.4 ns at half-amplitude (without consideration of the
time resolution of the instrument). It should be noted that there was little change
in pulse duration when T1ight and Tel were matched within 0.1 ns. A typical lasing
oscillogram is shown in Fig. 3 [photo not reproduced].

Measurements of the angular distribution of lasing showed that radiation divergence
is cloce to the diffraction limit.

Results on energy, pulse duration and divergence show that this laser could be
extensively used in multistage iodine laser facilities [Ref. 2, 3], e. g. for
laser-driven fusion.
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UDC 621.373.826.038.823
USING ARGON IN WCRKING MIXTURES OF CW ELECTZ.ON BEAM-CONTROLLED CO, PROCESS LASERS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 9(111), Sep 81 (manuscript re-
ceived 2 Feb 81) pp 2063-2065

- [Article by A. P. Averin, N, G. Basov, Ye, P. Glotov, V. A. Danilychev, N. N.
Sazhina, A. M. Soroka and V. I. Yugov, Institute of Physics imeni P. N. Lebedev,
USSR Academy of Sciences]

[Text] It is shown that the use of argon in working mixtures

- of cw electroionization CO, lasers considerably enhances the
specific volumetric energy output (by a factor of 1.5-2) without
detriment to the physical efficiency of the laser. Substituting
argon for helium considerably reduces the cost of processes of

R laser technology.

At present one of the main factors that determine the cost of laser technology
is the high price of helium, which has a content of 40-80% in typical laser mix~
tures [Ref. 1]. Therefore a very important practical problem is total or partial
substitution of less expensive gases for helium in the working mixtures of electro-
ionization process lasers. One possible way to do this is to use helium-free mix-
tures such as CO,-N,, i. e. to replace helium with nitrogen. However, this con-
siderably reduces lasing efficiency, due chiefly to an increase in the threshold
pumping energy W,, i. e. the energy carried off by the gas flow from the active
volume, a quantity that increases with the ratio of concentration of nitrogen and
COz: W, ~(m+1), where m= [N,]1/[CO3]. When helium is replaced with nitrogen,
we can retain the ratio of [N,]/[CO;] and accordingly the threshold pumping energy
as a result of increasing the CO, content in the mixture. However, this would

B require a corresponding increase in electron beam current density because of the
accelerated loss of electrons in the electroionization discharge plasma as a result
of sticking to molecules of carbon dioxide (the electron sticking rate constant
F~{C0y1). 1In existing cw electroionization lasers, the current density of the
electron beam je is limited by overheating of the separative foil of electron guns

_ on a level of 10-15 pA/ecm? (in the plane of the anode of the discharge chamber).

_ Therefore the content of carbon dioxide in optimum laser mixtures at the present

’ time does not exceed a few percent [Ref. 2], and an increase in CO; concentration
leads to reduced pumping power, emission power and lasing efficiency.

In Ref. 3 an investigétion was made of the possibility of increasing the specific
characteristics of helium-iree mixtures of CO, electroionization lasers by trace
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doping with hydrogen, whose molecules effectively depopulate the lower lasing level,
which is very important for laser operation in the powerful short pulse mode. In
CO2 cw electroionization lasers hydrogen doping cannot improve lasing parameters
since H; molecules sharply increase the relaxation rate of the upper lasing level,
and accordingly the power of relaxation losses that determine operation of the

= cw electroionization laser [Ref. 2].

It was experimentally established in Ref. 1 that using xenon additives in the laser
mixture improves the characteristics of the electroionization discharge by reducing
electrode potential drops [Ref. 4]. However, the use of Xe leads to still greater
increase in laser cost as it is priced 600 times as high as helium.

i
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Fig. 1. Typical loop oscillograms of

L)
voltage U, discharge current J and 0 25 aslan %
lasing power Qcp (@) and dependences
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and specific lasing energy (3, 4) as .
functions of the voltage across the c1f2c enersy O?tPUt gCB
discharge chamber (b) for laser mix- (4-6) as funCtlo?S o the
tures CO;:Np:He:Ar=1:29:0:30 (1, 3) irgon c:ncentraggo?Nl?
and 1:29.30:0 (2, ) at pressure of aser mixtures COz:N,:

' (He + Ar) = 1:29:30 (1, 4),
60 mm Hg; interelectrode spacing 10 cm 1:14:15 (2, 5) and 1:4:5

(3, 6)

Fig. 2. Lasing efficiency
n (1-3) and maximum spe-

In this paper an experimental investigation is made of the possibility of replacing
helium with argon, and it is shown that the use of argon not only is not detrimental
to the specific characteristics of the cw electrolonization laser, but also increases
the specific lasing output without reducing efficiency as a result of increasing

the power of the energy contribution at unaltered electron beam current. This

is due to an increase in the density of the laser mixture and accordingly in the
number of electron-ion pairs y formed per unit of length of the mean free path

of a beam electron (for mixture CO,:N;:He = 1:30:29 when argon is substituted for
helium its molecular weight increases from 16.76 to 34, i. e. more than doubles).
The other discharge parameters remain practically unchanged [Ref. 5].

Experiments were done on a process cw laser facility (duration of a single operating
run about 10 minutes). Fig. la shows loop oscillograms of the luminosity-current-
voltage characteristics for a laser mixture CO,Np:Ar =1:29:30 at pressure p= 60 mm Hg
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and electron beam current density je=12 pAfem®. Voltage U and discharge current

J were measured by an ohmic divider and a shunt respectively. Lasing power was

measured by a wire-type duct bolometer [Ref. 6]. Fig. lb shows curves for dis-

charge current density and lasing energy taken from a unit of volume of the circu-

lating gas as functions of the voltage across the discharge chamber for two mix-

tures. It can be seen that in the mixture containing argon, the non-self-maintained

discharge changes from "Thomson'" burning, where nearly all the applied voltage

is shielded by the cathode layer, to "electroionization" burning [Ref. 7] at a

slightly lower voltage than in a mixture of CO,-N,-He (510 V instead of 960). This

is due to an increase of electron density in the discharge due to more efficiency

in use of the electron beam. At the working voltages of an electroionization laser

the discharge current in a mixture of CO,-N,-Ar is more than double the current

in the CO;~N,-He mixture. The curve of lasing power as a function of voltage for

_ the mixture containing argon is also everywhere higher than for the CO,-N;-He mix-
ture. However, the maximum working voltage in the CO;-N,~Ar mixture in all the
experiments was 10-15% lower than in the CO;-N,-He mixture. This is not due to
a reduction in electric strength of the mixture, and can be attributed to the fact
that the gas density at the end of the active volume in the first case as a result
of energy input drops more strongly, and accordingly there is a stronger increase
in the normalized field strength E/N. The results of the experiments are in good
qualitative agreement with the formula that defines the dependence of breakdown
voltage U, on pumping power:

(E/p)« dpy
-+ w/(gepTy)
where (E/p), is the normalized breakdown field strength; w is pumping power; q is
gas flowrate; Ty is the initial temperature of the laser mixture; cp is specific
heat of the gas at constant pressure; d is the spacing between electrodes.

B U. (w) =

Fig. 2 shows the curves for maximum specific energy outputs Q corresponding to
limiting field strength, and lasing efficiency as functions of the argon content

in laser mixtures with predetermined concentrations of carbon dioxide and nitrogen.
The total content of helium and argon was 50%. The energy output increases mono-
tonically with increasing Ar content in the mixture. For a mixture with high carbon
dioxide content CO,:N,:(He+ Ar) =1:4:5, complete replacement of helium with argon
leads to an increase in lasing power by a factor of 2.5, which is associated with

an increase in energy input almost without any change in pumping efficiency; in

this case the laser efficiency also increases. In a mixture of CO;:Nj:(He+t Ar) =
1:29:30 (curve 1) the lasing efficiency with substitution of argon for helium

falls from 8 to 6.5%, which is due on the one hand to overheating of the laser mix-
ture, and on the other hand--to a reduction in the rate of depopulation of the

lower lasing level in the absence of helium. In the mixture CO2:Nz:(He+ Ar) =1:14:15
(curve 2) the dependence of efficiency on argon concentration has a flat maximum.
The comparatively wide scatter of the experimental points is dueto unstable behavior
of the threshold voltage of streamer breakdown of the discharge gap, which depends
not only on pumping power, but also on electrode surface state, which could not

be controlled during the experiments.

Thus, substitution of argon for helium in working mixtures of cw process lasers
increases pumping power by a factor of 1.5-2 without any change of electron beam
current, and with almost no reduction in lasing efficiency. This is especially
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important for prolonged cw laser operation when pumping power falls to half because
of the formation of nitrogen oxides [Ref. 8] even when a regenerator is used. The
cost of the laser mixture in this case decreases by more than an order of magnitdue,
and the total cost of processes of laser technology is cut in half.

8.
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NUCLEAR PHYSICS

PAPERS ON HIGH-ENERGY PHYSICS

Leningrad FIZIKA VYSOKIKH ENERGIY in Russian 1981 (signed to press 9 Mar 81)
- pp 2-3, 22-24, 26, 50-51, 54, 81-83, 115, 162-163, 200

[Excerpts from book "High-Energy Physics (Materials of the 16th Winter School
of Leningrad Institute of Nuclear Physics imeni P. N. Konstantinov)", edited by
V. Ye. Bunakov, M. M. Makarov, A. N. Moskalev and G. Ye. Solyakin, LIYaF, 500
copies, 231 pages]

lsext] The materials ef this volume include papers dealing with various aspects
of high-energy physica. These articles discuss deeply inelastic processes at high
energies, problems of ete™ annihilation, processes with large transverse momentum.
- Material is given on three-baryon resonances. In addition, papers are presented
' that are fundamental in nature even though not directly related to processes be-
tween elementary particles at high energies. Among these are items on neutrino
experiments at low energies, and effects of parity violation in nuclei.

The papers are intended for theoreticians and experimental researchers dealing
with problems of high-energy physics, elementary particles and the atomic nucleus.
With respect to level of presentation, they are accessible to scientific workers
and graduate -students.

UDC 539.12

DEEP INELASTIC PROCESSES IN THE LOW-x REGION
{Article by L. V. Gribov, Ye. M. Levin and M. G. Ryskin]

[Excerpts] An examination is made of the structure function of deep inelastic
scattering at low x in QCD perturbation theory. Diagrams are summed in which the
smallness of the coupling constant ag is compensated by large logarithms: Ins
and 1nq?. It is shown that the increase in the structure function at small x is
masked by multiple~ladder diagrams. As a result of this screening, the unitarity
conditions are not violated. The paper discusses the resultant solution and its
physical consequences for '"rigid" processes.

Conclusion. In this paper we have attempted to demonstrate a method of calculating

the asymptotic behavior of scattering amplitude at high energies within the frame-
work of QCD perturbation theory. It has been shown that in these calculations, it
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is not only the Feynman diagrams in which the smallness of the coupling constant

ag is compensated by a large energy logarithm (lna%-=]11§3 that are important,

but also graphs in which each power of oag has its own logarithm of virtuality

(i. e. agln q®~ 1), as well as a more complex class of diagrams in which the proba-
bility of parton rescattering

2
q 12
w:f gs%‘z—)'b(ln;l{-, q'2, q%)dq.z

reaches values of the order of unity due to an increase in parton density ¢. It
should be emphasized that no other large parameters arise in the problem.

Summation of diagrams of QCD perturbation theory that contain at least one large
logarithm (lnq2 or 1niﬂ for each power of ag is accomplished by using system of
equations (11). The parton density ¢(1n%, q?, q%) obtained as a result of such

summation is the Green's function of an effective pomeron in QCD.

To calculate contributions of order WP to the amplitude, a diagram method was de-

- veloped analogous to V. N. Gribov's reggeon diagram method [Ref. 3], where the
part of a pomeron is played by the "ladder" of Fig. 2a, and the vertex of interac-
tion of effective pomerons is calculated by QCD perturbation theory (for example
see Fig. 4 and expression (16) for Gzp) . Let us note that by gradually increasing
energy in QCD perturbation theory, we again reproduced the "reggeon" diagram method.
However, in contrast to the Reggeon field theory [RFT] that has recently been popu-
lar, we started from low energies and calculated the Green's function of an ef-
fective pomeron and the vertex of its interaction within the framework of pertur-
bation theory. Our main theoretical goal has been to find the sum of the "reggeon"
diagrams at high energy, whereas RFT introduces a seed amplitude at energy s+«
and phenomenological vertices of interaction of pomerons, and investigates the
feasibility of self-consistency of such a theory.

In this paper we have restricted ourselves to calculation of the cross sections

of deeply inelastic processes in order to avoid discussing the "confinement" prob-
lem and the region of small virtualities where og may be large. For this reason
we have not been able to get to the region of positive t or to verify t-channel
unitarity conditions.* Nonetheless, s-channel unitarity, the relation between
processe:s with different multiplicity (Abramovskiy-Gribov-Kancheli rules of Regge
cuts [Ref. 11]), is totally conserved here. Moreover, our diagram method coincides
with the old reggeon approach from the phenomenological standpoint since it con-
serves such features of the reggeon theory as introduction of a new quantum number
(signature), classification of asymptotic behavior in accordance with quantum num-
bers of the t-channel, etc. In particular, exchange of a secondary 'reggeon' cor-
responds to the ladder diagrams of Fig. 11 constructed from a quark and an anti-
quark. The asymptotic behavior of these diagrams differs appreciably from the
vacuum channel (Fig. 2a), and in the case of |t|> A%, the amplitude takes the form

*This limitation is fundamental, and does not allow us to move into the region
of q%'vAz. On the other hand, limitation 1nl/x <1n2q2 (the region below curve 2 in
Fig. 1) is due exclusively toc the fact that we have not yet been successful in’
summing amplified "reggeon" diagrams.
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[this formula is readily obtained by the method developed in Ref. 12]. From the
standpoint developed here, we get a natural explanation of the difference in nature
of constriction of the diffraction cone in the vacuum and non-vacuum channel. It
is a commonly known experimental fact that aj<<og, where the o' are the slopes

of the trajectories of the pomeron and secongary R-reggeon. In QCD, the secondary
reggeon corresponds to the above asymptotic formula, which leads to large

1 .
aﬁ—vziz;rzn Let us recall that an effective pomeron in this same approximation

is standing, i. e. o'=0. We take this example as an argument in favor of the
phenomenological value of considering asymptotic behavior within the limits of
QCD perturbation theory.

UDC 539.12.1
OLD PARTICLES AT NEW ENERGIES OF ete~ ANNIHILATION

’ [Article by Ya. I. Azimov, Yu. L. Dokshitser and V. A. Khoze]
[Excerpts] The authors consider new experimental results accumulated in ete™ an-
nihilation over the past year. Prospects for studying intermediate bosons of weak
interaction and processes of multiple formation of old hadrons are discussed.

Conclusion. Over the past year many important and interesting results have been
obtained in ete~ annihilation. There is no question that the main one has been
confirmation that has been found for the existence of the gluon, which we promised
at the last "school." It would also seem that we are on the verge of discovering
intermediate Z° and W¥ bosons, and there is a general consensus that the results
of this search will be reported no later than the 20-th School of Leningrad Insti-
tute of Nuclear Physics.

Even now experiments are coming close to studying such important problems of chromo-
dynamics as the physics of the color neutralizing process, the individual life

of a gluon jet, direct observation of gluon self-stress, specifics of heavy quark
production and the like. Of course, detailed investigation of many of these pro-
cesses will require still higher ete™ beam energies.

By the same token, the new energies will lead to some new difficulties in interpret-
ing the results of observations. At Y32 50 GeV the electromagnetic and weak con-
tributions to quark production become comparable. The raw data will be a mixture

of weak, one-—photon and two-photon mechanisms of formation of hadron jets that

are buried under the radiation tail of the Z° boson besides (at /§>>Mz). At /§>'2Mw
we also get the formation and subsequent decays of WHW~ pairs. Nevertheless, the
various contributions can be distinguished, in particular by using the kinematics
specific to their corresponding final states. Polarization of the initial e and

et beams may also play an important part in this noble cause.

- The authors thank B. L. Ioffe, L. M. Kurdadze, A. P. Onuchin, I. B. Khriplovich,
and especially M. G. Ryskin for useful discussions.
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UDC 539.12.1
LARGE PT AND JETS IN HADRON-HADRON COLLISIONS
[Article by V. Yu. Glebov]

[Excerpts] The paper is a survey of experimental data obtained in the physics

of large P, in 1978-1980. The author discusses inclusion spectra of hadrons with
very large P, the ratio of particle yields in 7p and pp interactions, and mea-
surements of yields of direct photons. Methods of distinguishing jets in hadron
interactions are analyzed. Characteristics of jets in pp, e*e” and vp interactions
are compared.

Conclusion. Over the past two years, a number of important advnaces have been
made in the physics of large P, from both the theoretical and experimental stand-
points.

Advances in theory have been due to using QCD for describing processes of particle
production with large P;. At the present time QCD is capable of not only quali-
tative but also quantitative description of inclusive formation of isolated hadrons
with very large P., formation of symmetric hadron pairs with moderate P, ratio

of particle yields in mp and pp collisions, and production of direct photons with
large Pr.

A great move forward has been the detailed study of the structure of jets with
large P;. One of the principal ideas of the quark-parton approach to rigid pro~-
cesses--universality of jets in ete~ annihilation, deeply inelastic scattering

of leptons by nucleons and production of particles with large P, in hadron-hadron
collisions--has found reliable experimental confirmation.

A specific feature of the QCD quark model is the presence of gluons in hadrons.
QCD calculations show that contributions of quark-gluon and gluon-gluon scattering
are not small i: the inclusive production of particles with large P,. However,

it is the gluon effects that are difficult to isolate. The process of formation
of direct photons with large P, was observed in 1979. 1In QCD, the gluon Compton
effect is responsible for this production process. This opens up a unique possi-
bility for verifying a fundamental prediction of QCD: the existence of gluons

in hadrons.

But despite advances in both theory and experiment, there are still a number of
unresolved questions. Three-jet events have been observed in ete~ annihilation.
Their analog is five-jet events in particle production with large Py in pp colli-
sions. How does a small admixture of such events influence the structure of events
treated as containing only two jets with large P,? At what P, and energies will
formation of a third jet with large P, be noted? What are the regions of appli-
gability of QCD with respect to the scale of energles and transverse momenta from
below? What is the mechanism of transition from "small" to "large" P,? These

and other questions so far remain unanswered.

On the whole the picture of particle production with large Pp is still incomplete,
and further theoretical and experimental efforts are needed for a deeper under-
standing of the nature of processes that occur.
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In conclusion the authors consider it their pleasant duty to express sincere grati-
tude to Ye. M. Levin, A. K. Likhoded, N. N. Nikolayev, M. G. Ryskin and R. M.
Sulyayev for numerous constructive discussions, and to L. N. Shevchenko for assis-
tance in preparing the manuscript for printing.

UuDC 539.12, 539.171
DO THREE-BARYON RESONANCES EXIST?
[Article by L. A. Kondratyuk and L. V. Shevchenko]

[Excerpt] The authors discuss the predictions of a stretched rotating 9-quark

bag model for the spectrum of 3-baryon resonances with zero strangeness. An analy-
sis is made of the reaction of pd-backscattering in the region Tp=0.3-1 GeV, and
arguments are given to support the hypothesis that the observed structure in the
energy dependence of the cross section of this reaction at vS=3-3.5 GeV is due

to the contribution of 3-baryon resonances.

UDC 539.173
NEUTRINO EXPERIMENTS AT LOW TEMPERATURES
[Article by L. A. Popenko and A. V. Derbin]

[Excerpt] This paper reviews neutrino experiments carried out up to the present
on reactors. An examination is made of the major goals of studying v- and V~inter-
actions at low energies. The authors discuss the feasibility of setting up neutrino
experiments with the use of a silicon multidetector and radioactive sources of

Ve and Vg in the energy range from 0.2 to 3 MeV. An examination is made of some
technical problems of detector design and comstruction of a radioactive source

with activity of several megacuries.

Introduction. The fourth of December 1980 was the fiftieth anniversary of the
"discovery" of the neutrino as recounted in a letter by W. Pauli dated 4 Dec 1930,
where he asks experimenters to look in nuclei for a neutral particle with spin
S=1%, mass of no more than 1/100 of the mass of the proton, and ionization effect
no greater than for a gamma particle.

The establishment and confirmation of this particle over the course of the fifty
years has been associated with the names of W. Pauli, E. Fermi, B. Pontecorvo and

F. Reines. Over the past few years in connection with the sharp upsurge of interest
in neutrino data, construction has started on new detectors to supplement the CERN
neutrino detectors such as VEVS, CDHS, CHARM and many others in the United States

and the USSR, We have begun to treat the neutrino as an equal with the electron,
gamma quantum and other particles, dropping the "mystical" epithet that continu-
ously accompanied the neutrino through nearly the entire fifty years from the time
of its discovery at the 'penpoint" of E. Fermi and W. Pauli.

We are now seeing a revival of the neutrino in connection with indications of an

experiment at the Institute of Theoretical and Experimental Physics [ITEF] to the
effect that the neutrino has a rest mass of the order of 30 eV [Ref. 1]. This fact
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could radically alter our ideas about the universe. 1In this case it is a neutrino-
determined universe according to estimates by Ya. B. Zel'dovidh.

Recent indications of neutrino oscillations implied by experiments of F. Reines
have given the square of the mass difference of the electron~type antineutrinoc

and the y-meson type in a range of 1 eV? [Ref. 2], which has indirectly confirmed
the fairly large rest mass of the neutrino. However, the results of a new experi-
ment done in Grenoble [Ref. 3] have not confirmed these data, and the limit on

this parameter is 0.13 eV?. All this shows that we are extremely uncertain of
experimental data both on the physical properties of the neutrino and on its inter-
actions. In connection with this, at low energies we can distinguish two classes
of probleme that must be experimentally studied:

--the problem of neutrino mass and oscillation;
—-effects with neutral currents, including interference effects of neutral and
charged currents.

UDC 539.141
PARITY VIOLATION EFFL'TS IN COMPOUND NUCLEI
[Article by 0. P. Sushkov and V. V. Flambaum]
[Excerpt] The authors discuss effects of violation of spatial parity in inter-
action of neutrons with a nucleus--P-odd asymmetry in fission of nuclei, parity
violation when neutrons are coherently scattered by nuclei (in neutron optics),
and also effects of parity violation in the reaction (n, v).

- COPYRIGHT: LIYaF, 1981

6610
CS0: 1862/39
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ALL-UNION SEMINAR ON PHYSICS AND ENGINEERING OF INTENSIVE SOURCES OF IONS AND ION
BEAMS

Moscow FIZIKA PLAZMY in Russian Vol 7, No 5, Sep-Oct 81 p 1175
[Article by M. D. Gabovich and N. N. Semashko]

[{Text] During 21-23 October 1980, the Third Session of the All-Union Seminar on
the Physics and Engineering of Intensive Sources of Ions and Ion Beams was held
at the Physics Institute of the UkKSSR Academy of Sciences in Kiev. It was
organized by a decree of the USSR Academy of Sciences Scientific Council on the
Problem of "Plasma Physics". The seminar leaders were: A. I. Morozov,
N. N. Semashko (Institute of Atomic Energy imeni I.V. Kurchatov), and M.D. Gabovich
(Physics Institute of the UkSSR Academy of Sciences). Approximately 150 scientists—-
representatives of scientific establishments from Moscow, Leningrad, Novosibirsk,
Khar'kov, Kiev and other cities--took part in the session. Forty-eight papers were
- presented on the following topics: (1) high-current, quasi-stationary ion sources;
(2) high-current impulse ion sources; (3) negative ion sources; (4) sources of
multiply-charged ions; (5) collective processes in an ion-beam plasma; and (6) in-
dustrial ion beams.

Significant advances were made in the above areas. In particular, the following
results should be mentioned:

1. Obtainment of quasi-stationary beams of positive ions up to 100 A, intended
for the injectors of thermonuclear plants (Institute of Atomic Energy imeni I.V.
Kurchatov; Institute of Nuclear Physics, Siberian Department, USSR Academy of
Sciences).

2. Development of methods of obtaining intensive negative ion beams (Institute of
Atomic Energy imeni I. V. Kurchatov; Institute of Nuclear Physics, Siberian Depart-
ment, USSR Academy of Sciences).

3. Research of the collective processes in an ion~beam plasma (Physics Institute
of the UkSSR Academy of Sciences).

4. Obtainment of intensive fluxes of multiply-charged ions (Moscow Engineering
- Physics Institute; Joint Institute of Nuclear Research and others).

It should be mentioned also that advances have been made in the creation of high-
current impulse ion fluxes, in particular, at the Institute of Nuclear Physics
at Tomsk Polytechnical Institute.
The next session of the seminar is planned for October 1981 in Kiev.
COPYRIGHT: 1Izdatel'svto "Nauka", "Fizika plazmy", 1981
CsSO: 1862/72-P
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OPTICS AND SPECTROSCOPY

UDC 535.37:621.375.826

DETERMINING SPECTRAL DEPENDENCES OF ABSOLUTE QUANTUM YIELDS OF XeF EXCIMER FORMATION
(B, C, D) IN XeF, PHOTOLYSIS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, Mo 9(111), Sep 81 (manuscript re-
ceived 9 Mar 81) pp 1945-1951

[Article by N. K. Bibinov, I. P. Vinogradov, L. D. Mikheyev and D. B. Stavrovskiy,
Institute of Physics imeni P. N. Lebedev, USSR Academy of Sciences]

[Text] Interest in photolysis of XeF, accompanied by production
of excited molecules of XeF (B, C, D) is occasioned by the use
of this reaction in excimer lasers with optical pumping. In
this paper an investigation is made of photolysis of gaseous
XeF, in the spectral range of 108-220 nm. It is established
that the maximum quantum yields of production of XeF(B) and
XeF(C) are 30%9 and 3.5+ 1% respectively in the region of
140-180 nm (Apax = 165 nm). The quantum yield of formation of
XeF(D) in this region does not exceed 1.5%. The authors discuss
the mechanism of dissociation of XeF, molecules. It is shown
- that several electron transitions contribute to the absorption
band of XeF, that has a maximum at 158 nm. It is suggested that
- a transition in this band to states 'l or aﬂu leads to formation
of XeF(D), and a transition to !N, leads to formation of XeF
(X or A), transitions to 1£$ and 923 lead to formation of XeF(B)
and XeF(C) respectively.

1. Introduction

Interest in spectroscopy of XeF excimer at the present time stems from intensive
development of research on excimer lasers. Lasing has been achieved on two electron
transitions of XeF X-B (A= 350 nm) and C-A ()= 480 nm) with different methods of
creating inverse population: 1in an electric discharge [Ref. 1-3], under the action
of a beam of fast electrons [Ref. 4, 5] and by optical pumping [Ref. 6-9]. (We

- will denote the electronic states of XeF by letters of the Latin alphabet as has
been done for example in Ref.10, 12.)

Optically pumped XeF lasers use XeF, photolysis. To study the kinetics of these
lasers and determine their limiting characteristics, data on absolute values and
spectral dependences of quantum yields of different photolysis products are of
great significance. The reaction of photodissociation of XeF, was experimentally
studied in Ref. 10-12. 1In Ref. 10, 11, formation of XeF(B) was observed when XeF,
was exposed to light on wavelengths of 123.6, 160-180, 184.9 and 193 nm. According
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to estimates by the authors of Ref. 10, the quantum yield of the process is close
to unity; however, it has not been measured directly. The absolute values of
quantum yields of formation of XeF in excited electronic states B, C and D were
measured in Ref. 12. It was found that upon photolysis in the region of 145-175 nm
the quantum yields of XeF(B) > 90%, XeF(C) < 5%, and XeF(D) < 3%.

This paper gives the results of a study of photodissociacion of XeF, with formation
of excited fragments of XeF(B, C, D) in the spectral band of 220-108 nm.

2. Experimental Part

Descriptions can be found in previous papers [Ref. 13, 14] for most of the experi-
mental facility for measuring absorption cross sections, luminescence spectra and
spectral dependences of absolute quantum yields of luminescence of the molecules,
atoms and radicals formed upon photolysis of vapor in the XUV region of the spectrum.
Only che cell part was changed. In this research a cell was used that was separated
from the rest of the experimental facility by LiF and MgF, windows. The cell was
made of brass and plated with nickel. The optical length of the absorbing layer
was 6.7 cm. Before starting the work, the cell and the inlet system were evacuated
to a pressure of 107° mm Hg and passivated with fluorine to such a degree that dis-
sociation of XeF, was no more than 10% over the time of one complete measurement
(30 minutes). The curves presented in the work were obtained in pure XeF, vapor
by averaging four measurements. Scanning over the spectrum was done both toward
shorter and toward longer wavelenghts. The random error of relative measurements
did not exceed *8%.

g, 10717 cm?
Results of Measurements and Their Dis-

K, em™!/atm 1 T
; I cussion
sop
i 1 Fig. 1 shows the absorption spectrum
,W@} ‘ J, \ 0 14 that we obtained for XeF, in the region
,&f r./ \ - of 108-225 nm. The error in determining
A L/ \ ] the absolute value of the cross section
o \Jf f N ? is 10%. Absorption in the region of
; ARV \\ iy 220 nm is due to the forhidden tran-
T T e T am sition Smy+ 7oy, 1270« 'if [Ref. 15].
The coerficient of absorption of XeF
Fig. 1. Absorption spectrum of XeF, in this wavelength region is quite

vapor taken with resolution of AXz0.3 nm low (~4-5 cm™/atm). In the region

of 210-145 nm an intense broad absorp-
tion band is observed with maximum at 158 nm, corresponding according to Ref. 15
to transition 10ug~ 7oy, 1Zﬁ+-12§. According to our measurements, the absorption
at the band maximum is 1810 cm™!/atm, which agrees with the results of Ref. 12,
but is 2 times lower and 1.4 times greater respectively than according to the data
of Ref. 15 ani 16. Shorter than 145 nm, we observe the Rydberg band series identi-
fied in Ref. 15: "u(3/2’ 1/2) + ns, nd and Og > 0P with well-resolved vibrational
structure.

Under the action of XUV radiation, the following reactlons are possible in XeF,,
leading to formation of primary excited products [Ref. 10, 12]:
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- XeFy -+ hv —> XeF;, (1)
_ 25 XeF (B)+F (*Pu), @
) XeF;:—_LW—% XeF (C)+ F (*P,), 3)
. %0 xer (D) + F (2PL), (4)

where ¢ is the cross section of absorption of light by a molecule of XeFo, ¢ps

¢c» ¢p are the quantum yields of formation of the corresponding excited states of
XeF.

The resultant excited molecules of XeF either expend the energy of excitation in
collisions with XeF,, or emit a quantum of light [Ref. 12, 17, 18]:

k

XeF (B)+ XeF, TZE’ XeF (C) - XeF,, ()
Len
XeF (B) + XeF, ‘o, XeF (X, A%/, AY/,) + XeF,, (6)
: XCF(C) + XeFy, —S> XeF (X, A%y, Alfy) + XeF,, M
XeF (D) + XeF, —2 XeF (X, A%y, Al + XeFy,  (8)
XeF (B) 5. XeF (X)+ hv (A~ 350 mm) , (9)
XeF (B) —24 XeF (A1/,) + hv (A ~470 om), (10)
| XeF (C) ~S4 XeF (A%;) +hv (b~ 470 m), ()
XeF (D) —“—[)—\» XeF (X) + hv (A ~ 260 nm) , (12)
XeF (D) —24 XeF (AY/;) +hv (A ~290 nm), (13)

where kBC’ kCB’ kB, kC, kD are the reaction rata constants, Wexs Weas Woas Wpxo
Wpa are the probabilities of radiative transitions.

Fig. 2 shows the luminescence spectra that we obtained for XeF corresponding t:o the
transitions B~ X and D+X. The spectra are plotted with consideration of the spec—
tral dependence of sensitivity of the recording channel. The luminescence spectrum
that we observed on transitions C+ A and B+ A was analogous to that obtained in
Ref. 17, being a broad structureless band in the region of 360-550 nm with maximum
at 450 nm. It can be seen that with an increase in the energy of a quantum of
photolyzed radiation there is an increase in the width of the luminescence band
XeF(B»>X) due to an increase in vibrational excitation of XeF(B). A structureless
band observed in the vicinity of 290 nm may be due to luminescence on transition
D+ Ak, as is predicted by the calculation done in Ref. 18.

g1

In the experiment we determined the ratios of intensity of the absorbed light and
luminescence intensity: §, = Ip0Q/WgyB (A~ 350 nm); S, = IocQ/(WBAB+WCAC) (A~ 470 nm);
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S3 = IQGQ/WDxD ()\ ~ 260 nm) . Here B, C,
D are the concentrations of XeF in the

0 -
corresponding electron states; Q is the o ¢
concentration of XeF,; I, is the intensity § ;t
of the photolyzing radiation. In measuring .
the luminescence intensity, the radiation 3 2+
was recorded in the corresponding lumines- H
cence band in a spectral range of ~9 nm. - Ir
The percentage of photons reaching the = 0

given spectral range was calculated from

the luminescence spectrum. Consideration a
was taken of the change in the luminescence
spectrum as a function of the wavelength “r
of the photolyzing radiation. Linear 3
dependences of S;, Sz, S; on XeF, pressure o [
_ were observed in the investigated pressure 2 L
range of 0-1 mm Hg. — z
o
= L
- The following relations obtained in anal- .
ysis of the kinetics of processes (1)- ) ) LN
(13) were used in processing the measure- 20 00 0%, nm
ment results b
_ 1 W kn +k Fig. 2. Luminescence spectrum of XeF
S, =*¢;(1 + WZ;)-{- g 5 BC_Q, (14) on transitions B+X (A~ 350 nm), D+ X
_ War -+ W BT aXx (A ~250 nm) and possibly D+ A% ()~
- lim §, = — BX BA 290 nm); A =116 (a) and 160.8 nm
Q-0 ° (Wex+Wpa)9c +Wpaps * (15) (b) )i Aexe (@)
1 12 k
So=——|1 DA R D
Y ( + an) F oWox Q (16)

The values of ¢, ¢cs ¢p» (kp+ kpc), kp are determined from a comparison of the
experimental and theoretical relations. It should be noted that terms of the order
of Q% and higher, as well as the term kogég(Wpx+ WBA)Q/(d)ﬁWBXWCA) have been cmitted
in the second member of expression (14). Estimates show that the centribution
of these terms is small compared with the random error of the experiment. Calcu-

- lations and estimates used the following data taken from the literature: W§x=
7.5:107 71, Wgp=9.9+10% s71 [Ref. 12], Wpp=2.9+10° s*, Wpg=1.05-10° s77,
WDA=1.33-107 s * [Ref. 18], ¢c/0p<0.1, kpc/kcp=22.8 [Ref. 12].

Our value of ky+kpgc= (5.0+0.4) :1071% em¥/s mol. differs from the values cited in
the literature: (3.5#%0.2)-107%% [Ref. 11], (7.4+0.3)+107*% [Ref. 12], (2.6£0.3)
x 107° [Ref. 19]. 1t should be noted that the authors of Ref. 11, 12, 19 did not
consider reaction (5), and give the values of kp, when they actually measured the
sum kg +kpe as well. As far as we know, no one has yet determined the ratio between
constants kg and kpg-

The value that we got for kp was (1.6+0.16) «107? cm?¥/smol. 1In calculating kp,
we used the lifetime tp= 1/Wpx found theoretically in Ref. 18. We know of no ex-
perimentally determined value of tp. A value of 1p=13+ 1 ns was found in Ref. 20
by using the 1p measured in an inert gas matrix and extrapolating to the gas phase.
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This value is apparently unreliable since the value of tg =8 ns given in the same

paper differs strongly from the tg measured directly in the gas phase; for example
Ref. 12 gives 13=13.3% 0.2 ns.

1w
-

\ \'\\m—“%ﬁ\
— L 1 A 1 1 1 3
7 150 180 70 7] 707X nm

c

- Fig. 3. Spectral dependences of quantum yields of formation
- of XeF(C) (a), XeF(D) (b) and XeF(B) (c)

The spectral dependences of 98> ¢c» ¢p are shown in Fig. 3. By using the value

_ of the photon energy corresponding to the threshold of formation of XeF(B) epe =
220+ 2 nm), we can estimate the energy required for breaking the chemical bond
Xe-F in the XeF molecule: it is <2.2 eV. This value is obtained with consider-
ation of the results of Ref. 21, according to which the difference in energies
of states B (v'=0) and X (v"=0) of XeF is 28,865 cm™?!.

Fig. 4 shows spectra of luminescence excitation of XeF on transitions B +X and
D+X. The luminescence excitation spectra on transitions C +A and B~+X are similar.
Comparison of the absorption spectrum of XeF, (see Fig. 1) with the luminescence
excitation spectra of XeF (B—+X, D~+X) shows the complicated nature of the absorp~
tion band with maximum at 158 nm. Photolysis of XeF, in this band is accompanied

- by formation of three excited products XeF(B, C, D), the maximum in the luminescence

h excitation spectrum of XeF(B-X) being shifted toward the long-wave region, while
the maximum of the excitation spectrum XeF(D-+X) is shifted toward the short-wave
region as compared with the maximum of the absorption spectrum.

Subtracting the curve of the partial cross section of formation of XeF(B) + XeF(C)
from the curve of the absorption cross section of XeF,, we get the difference band
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Fig. 4. Luminescence excitation spectrum of G Orug, 10 m" G4, 10m*
XeF(B+X) (a) and XeF(D+X) (b) 8+

Fig. 5. Absorption cross section of XeF, (a), he
partial cross section of formation of XeF(B, C)
in photolysis of XeF; (b), and their difference 61
curve (a-b)
08
shown in Fig. 5. (The partial cross section

of formation of a product is found by multi- ¥
plying the absorption cross section by the
quantum yield of product formation.) Exci-
tation of XeF, in this difference band does
not lead to formation of radiating fragments
(the partial cross section of formation of
XeF(D) can be disregarded as the quantum yield

0%

of process (4) in the vicinity of 140-180 nm 0 L ) i
does not exceed 1.5%). Thus we have grounds w0 150 160 170 2 nm

for assuming that the band with maximum at

158 nm is due to several electron transitions, and therefore we must re-examine
the identification of this band given in Ref. 15. It can be assumed that the tran-
sitions are effected in four dispersion electron states of XeF,: a, £, y and &,
the first two dissociating with formation of XeF(B) and XeF(C), the third yielding
no radiating products, and the fourth dissociating with formation of XeF(D). The
electronic states of the XeF; molecule were calculated in Ref. 22, and the photo-
electron spectrum of XeF, was studied in Ref. 23. According to the results of
these studies, the following electronic transitions are possible in the region

of 140-180 mm: 100, 7oy (1235« 15d), 3mg> Tou (s My« 1h), bmg> Tou(t g 1oh)
(transitions are arranged in order of increasing photon energy).

Since the partial cross sections of formation of non-radiating products anc XeF (D)
are larpe, states y and o are apparently associlated with the ground state Xer(lzg)
by allowed transitions. We assume that state a 1is lEt, and state y is lﬂu. As to
states B and &, we assume that £ is ’If, and § is o, or 3Hu. This assumption
allows us to explain the low values of the quantum yields of formation of XeF(C)
and XeF(D) in photolysis of XeF, in the region of 140-180 nm (see Fig. 3a, b) since
the cross sections of light absorption on forbidder transitions 3zt<-1z+ and 3IIU,
ng¢ 1z§ are a small fraction of the total abuorption cross section above 140 nm.
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It should be noted that our assumed identification of states a, B, Y, § agrees with
the rules of correlation of states of the unified molecule and the states of the
fragments [Ref. 24}.

There is one more circumstance that supports our proposed identification of state Yo
Excitation of XeF; on 144.5 nm to the Rydberg state My corresponding to transition
my /2> 6s does not lead to formation of excited fragments. Therefore it can be
assumed that predissociation from the Rydberg state 1nu takes place to a dispersion
state of the XeF, molecule correlating with non-radiating fragments of XeF(X or A) +
F(*P,). Predissociation to state 1, is more probable than to 12:, since hetero-
geneous predissociation (AA= *1) is possible in electron-rotational interaction

that shows up markedly in diatomic molecules, and is quite weak in polyatomic mole-
cules [Ref. 247,

In the spectral vegion below 145 nm, the luminescence excitation spectra of XeF(B,
C, D) show intense bands corresponding to transitions to the Rydberg states
TuYas /o +ns and og>np. The only exceptions are the transitions myY, > 6s, 7s on
144.5 and 115.9 nm respectively (see Fig. 4).

The absolute values of quantum yields of XeF luminescence shown on Fig. 3 were
obtained by a relative method. The reference standard was the quantum yield of
formation of OH(A%:h), equal to 5.2+ 0.6% on line Ly (121.6 nm) in photolysis of
water [Ref. 13j. The overall maximum quantum yield of formation of XeF upon exci-
tatiou in the absorption band with maximum at 158 nm is equal to 0.34* 0.1 (princi-
pal contribution is from the process of formation of XeF(B), ¢p™@*=0.30¢t 0.09).

The quantum yield of formation of OH(A%:%) that we used agrees well with the value
of 5% obtained in Ref. 25. However, Lee et al., [Ref. 26, 271, in studying the
photolysis of water on individual lines, give absolute values of quantum yields

of formation of OH(A?r%) that average 1.35 times higher than in Ref. 13. If we

use the results of Ref. 26 and 27, the maximum quantum yield cf XeF(B) luminescence
may reach 407%.

The values of the quantum yield of luminescence that we obtained by using lumines-
cence of the 04 radical as a standard diverge considerably from the results of

Ref. 12, where calibration was done with respect to luminescence of the XeO excimer
in photolysis of a gas mixture of N,0-Xe, and the total quantum yield of XeF(B,C,D)
was close to 100% in the region of 145-175 nm. The reason for such a considerable
discrepancy 1s not clear. It is also difficult to understand why the authors of
Ref. 12 failed to observe the wavelength dependence of quantum yield.
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DIFFRACTOMETER WITH THERMOMAGNETIC REGISTRATION FOR CHECKING WAVEFRONT DISTORTIONS
OF PULSED LASER EMISSION

Moscow IZMERITEL'NAYA TEKHNIKA in Russian No 10, Oct 81 (signed to press 1 Oct 81)
pp 27-28

[Article by Ye. P. Antonets, B. M. Stepanov and V. A. Fabrikov]

[Text] Certain applications of powerful pulsed lasers require an undistorted wave-
frecnt that is close to plamar. Such a wavefront is produced when a laser operates

on the TEMgy mode alone. Tuning of lasers to single-mode operation is checked

by analyzing diffraction patterns from the simplest apertures. In this paper,

an investigation is made of the feasibility of using a diffractometer with thermomag-
netic registration of pulsed emission for these purposes.

Cw gas lasers are tuned ito single-mode lasing with radiation of the lower TEMgy
moc.e by comparing the measur:d diffraction pattern of the investigated emission
on a circular aperture with the calculated Airy pattern [Ref. 1, 2]. Tuning pre-
ciusion is evaluated frem the degree of swelling of the first maximum. Amplitude
dictribution in the Airy pattern is described by the formula

E(r):yso—'lJ,(l,m—f—). (1

r r

where vy is an immaterial phase multiplier; Eg is the field amplitude of the inci-
dent wave in the plane of the diaghragm; rg 1s the radius of the diaphragm; r is
' the modulus of the radius vactor r of the observation point in the focal plane.
of the objective lens; J;(x) is a first-order Bessel function of the first kind
of argument x; ry =1.22f/kry is the radius of the first dark ring in the Airy pat-
tevn; £ is the focal lengtr of the objective lens that shapes the diffraction pat-
tern; k=2m/) is the wave number.

Enhrgy distribution in the diffraction pattern of continuous radiation is measured
by'a photomnltiplier that ismechanically displaced in the transverse plane [Ref. 1].
Thue photomultiplier is used to ensure the dynamic measurement range necessary for
_ anilyzing distortion of the Airy pattern. However, the procedure hased on using
a scanning device with photomultipiier is not applicable in the pulsed mode of
lasier operation. The diffraction pattern to be measured must be first recorded
on’a medium that has a sufficient dynamic range, resolution and sensitivity to
radiation in the investigated wavelength band.

- 86

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

We used magnetic films with strip domains as the recording mediu. Registration

was done at an emission wavelength of 1.06 um. However, the thermomagnetic method
used for recording on these films [Ref. 3] enables registration of diffraction
patterns in the longer-wave band as well. The recording range offered by the films
(Emax/Emin; 30) is not wide enough for simultaneous Airy-pattern registration of
the zero maximum with respect to which the degree of swelling of zero rings is
found, and the first maximum that serves as a reference point. This explains why
the diffraction pattern from two holes of the same diameter is chosen instead of
the Airy pattern as a gage for diagnosing mode purity of pulsed laser emission.

The ratio of the first maximum to the zero maximum in this pattern is close to

0.5 for a distance between the centers of the holes of 4ky. This is considerably
greater than in the Airy pattern, where this ratio is 0.0175. The distance between
the centers of the holes can be selected differently as well, and with increasing
distance there 1s an increase in the ratio of the first maximum to the zero maximum.

As we know, the Fraunhofer diffraction pattern is the Fourier transform of the
aperture function with spatial frequency g==kr/f. In the case of two holes of
identical shape, the aperture function y(r) is written as [Ref. 4, 5]

VA =gNX BT+ +eC—D) (2

where g(?) is the aperture func&ion of one hole; 2 and -E are the radius vectors
of the centers of the holes; 6(r) is the Dirac delta function; the symbol ¥ denotes

>
the operation of convolution of two functions with respect to variable r. 1In the
given case

i is the unit vector along the x-axis joining the centers of the holes. The Fourier
transform of the convolution is equal to the product of the Fourier transforms
of the convoluted functions. From (1) and (2) with consideration of the formula
of Fourier transformation for amplitude distribution in the diffraction pattern
from two apertures we get
ky?r

E(x, y)-:QVEo';LJ1<1.22—:—>c05—i NG)
1

where Tt =} a2+ g

This distribution serves as a gage in diagnosing laser radiation in the proposed
method. Experiments in diffraction pattern recording on magnetic films used a
neodymium-doped glass laser with pyroceramic diffuse pumping reflector and a passive
modulator based on dyes. The diameter of the holes in the aperture diaphragm was
0.6 mn, and the distance between centers of the holes was 1.2 mm. Recording and
visualization of the diffraction patterns were done by a procedure described in

Ref. 3. A preliminary check on tuning of the laser to operation close to single-
mode was doneby recording the radiation on photosensitive paper.

Fig. | shows a diagram of a magnetic-film diffractometer, where 1 is a bulse laser;
2 is a beam expander; 3--is a screen with diaphragms; 4 is the magnetic film;
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Fig. 2

5 is the reco 'ing device. Fig. 2 shows the intensity distribution along the x
axis in diff. 'ion patterns recorded on films with multimode (a) and single-mode
(b) laser emi: .. n (curve l--experiment; curve 2--calculation). In the given case,
single-mode radi. -ion is understood to be emission in which the main part of the
enerygy is concentrated in the lower mode that produces an axisymmetric spct in

the recording on photographic paper. Single-mode operation was achieved by using

a selecting diaphragm with aperture diameter of less than 2 mm. Multimode emission
that produced a spot of diffuse shape on the photographic paper was achieved by
increasing the diameter of the diaphragm to 4-5 mm. This spot had a structure

in which the traces of higher spatial modes could be clearly delineated.

In the diffraction patterns recorded on magnetic tape the position of the maxima
and minima coincided with the calculated values determined from Ref. 3. The rela-
tive levels of the maxima also coincided, but the depths of the minima differed
strongly. The ratio of the radiation intensity in the first minimum of the dif-
fracticn pattern to the iatensity in the zero maximum in multimode radiation was
about 307%. In single-mode operation, this ratio is less than 0.03, i. e. it lies
beyoud the limits of the dynamic range of the films. The depth of the minimum

of the recorded diffraction pattern varies with a change in diameter of the select-
ing diaphragm close to 2 mm, and may serve as an indicator of the accuracy of tuning
the optical system to single-mode operation. The sensitivity of the method as
estimated from the relative power of higher transverse modes is close to 10%.

REFERENCES
l. Heineman, H., Rr.dline, H., TIIER, Vol 53, No 88, 1965.

2. Hurd, G., "Izmereniye lazernykh parametrov" [Measurement of Laser Parameters],
Moscow, 'Mir', 1970.

3. Klyuchkin, L. M. et al., "Fotografirovaniye na magnitnyye plenki' [Photography
of Magnetic Films], Moscow, Atomizdat, 1971.

88
FGR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

4, Williams, R. P., "Transform Approach to Paraxial Optics', CONTEMPORARY PHYSICS,
Vol 15, 1974.

5. Papulis, A., "Teoriya sistem i preobrazovaniy v optike" [Theory of Systems
and Transformations in Optics], Moscow, "Mir", 1971.

COPYRIGHT: Izdatel'stvo standartov, 1981

6610
CS0: 1862/38

89
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

UDC 535.853.5:621.375.826
INSTRUMENT FOR MEASURING LASER EMISSION WAVELENGTHS

Moscow IZMERITEL'NAYA TEKHNIKA in Russian No 10, Oct 81 (signed to press 1 Oct 81)
pp 28-29

[Article by L. Ya. Gustyr', V. N. Puchkov, A. K. Toropov and Yu. A. Fedorov]

[Text] To measure laser radiation wavelength, facilities have been developed in
which (as for example in Ref. 1, 2) continual refinements are made in the value

of the wavelength found by preliminary measurement with a low-accuracy monochro-
mator, or a method of comparison with the wavelength of a reference laser is used
[Ref. 3 4]. Efforts to get high accuracy in measurements (the error of wavelength
measurement in Ref. 1 is *3.5 107° um, and in Ref. 4 it is #1077 im) in realization
of these methods, and to provide capabilities for operation with pulsed and cw
radiation over a wide spectral range lead to development of unique measurement
facilities. 1In many practical cases the use of such facili”ies is inadvisable.

In this article a device is described that is intended for automatically checking

the wavelengths of tunable cw lasers in different technological applications, as

wellas in developing and making such lasers. The instrument is based on an inter-

ference method of getting successive approximations of the wavelength by using

a scanning Fabry-Perot interferometer with known distance between mirrors. The
- essence of the method is as follows. The fractional part e of the interference
order is determined from the magnitude of the scanning interval from its beginning
to the closest transmission maximum of the interferometer. Then the preliminary
value A of the wavelength to be measured is determined from the size of the in-
terval betwe:n two adjacent interference maxima. The integral part K of the inter-
ference order is found from the equation

2L —e

+0,5=K+8, )
Pap

(by dropping the fractional part §), where L is the length of the interferometer,
and the refined value of the wuvelength is determined from the formula

2L —=e
— ——— 2
A % (2}

Addition of the fraction 0.5 to the first member of equation (1) allows us to re-
place the operation of rounding off the resultant number with the operation of

_ separating the integral part of the number, which is an operation that can be done
in a computer.
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The figure shows a block diagram of the instrument
for measuring wavelengths. The laser emission whose
wavelength is to be measured is directed at a multi-
beam scanning plane-parallel Fabry-Perot interferom-
eter /1. Both mirrors of the interferometer are
fastened on piezoelectric elements. A linearly vary-
ing voltage of triangular shape with frequency of

1 Hz is sent to the piezodrive of one of the mirrors.
This voltage is formed by the principle of digital-
analog conversion by a channel consisting of pulse
generator [}, reversible counter PCY, code-to-voltage
converter /HH and controllable power supply VM. The
clock pulses from the pulse generator are counted by the binary l1-digit reversible
counter. The parallel code from the counter outputs is sent to the ll-digit code-
to-voltage converter. When the reversible counter is filled with ones or zeros,
reversal takes place automatically, and a step voltage of triangular shape is formed
at the output of the code-to-voltage converter. The number of steps on the leading
and trailing edges of this voltage is the same, and is equal to the number of pulses
coming to the input of the reversible counter from the output of the pulse generator
in one half-period of scanning of the Fabry-Perot interferometer. In the control-
lable power supply, the amplitude of the scanning voltage is boosted to the requisite
value for scanning tw) orders of the interference pattern.

The use of a digital-analog converter in the scanning voltage shaper channel ensures
rigid one~to-one correspondence (forced synchronization) between the number of
pulses and the increment in length of the Fabry-Perot interferometer. The measure
of the increment in length of the interferometer by values equal to the fractional

e and integral App parts of the interference order is the numbér of pulses that

will fit from the beginning of a scan to the first interference maximum and between
two adjacent maxima respectively, which is recorded by counters CY. The distribu-
tion of pulses between these counters is handled by control circuit CY under con-
dition that optical radiation is acting on the input of the device.

The interference pattern after the Fabry-Perot interferometer is registered by
photomultiplier ¢0¥. The instant that the mirror passes through the maximum is
determined by differentiating the signal with respect to the first derivative on
the modulation frequency. To do this, an audio frequency signal (5 kHz) is sent
to the piezodrive of the second mirror from oscillator /M. Resonant amplifier
VP is tuned to the first harmonic of the modulating frequency. The first derivative
of the signal shape is sent from the output of synchronous detector C[ to shaper
¢ that generatas a short pulse to trigger the control circuit CY at the instant
when the derivative passes through zero. Filling of one of the counters CY begins
at the beginniny of each scanning period, and ends upon passage through the first

- interference maximum (measurement of €). At this instant, the second of counters
' is energlzed, and it is de-energized at the instant of transition through the
second maximum (measurement of Anp). The counter content is transcribed by trans-
lator 7 via decoder /Jll into store JHBM. The sequence of transcription is determined
by command generator [/{ which is also controlled by CV.

Solution of (1) and (2) 1s accomplished by a program that is compiled for the store
that is used, and that is introduced into the store beforehand. Solution is done
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automatically by commands from /H. The value of the measured wavelength is shown
digitally on the display of the store.

The wavelength measuring device uses the Iskra-123 store. Information input to
the device is through an auxiliary buili-in plug to which wires are led directly
from the keyboard contacts. Binary information is transmitted thorugh a decoder
that converts binary-decimal code to decimal code. The translator is based 7n
RES-5% velays that simulate keyboarding. With this setup, the maximum rate of
informaticn transmission is 100 decimal digits per second.

This type of data input through a keyboard does not interfere with use of the store
for extraneous calculations at the instant of cessation of running measurements,
and upon disconnecting the automation device. In principle, such an arrangement
can be used with any store regardless of its specific structure or clement base.

In calculating the value of the wavelength, consideration is taken of the nonline-
arity of the piezodrive. The dependence of the overall elongation AL of the piezo-
ceramic elements of the drive on the applied voltage, or what amounts to the same
thing, the number of pulses n of geunerator [¥, is completely satisfactorily approxi-
mated by a cubic polynomial

AL = an® 4 bn® 4 cn, (3)

where 1, #, o are the coefficients of the polynomizl that are determined when gradu-
ating the meter with respect to radiation of known wavelength. Polynomial (3)

with defined coefficients is also introduced into the program of calculatioms of
computer store JHAM.

For operation of the device in the range of 0.4-1.1 im, the Fabry-Perot interfer-
ometer uses silvered mirrors with reflectivity of 0 98 and an FEU-62 photomulti-
plier. To get unambiguous information, the length of the interferometer is selected
from the condition that its region of dispersion must exceed the absolute value

of preliminary wavelength determination. The interval between two adjacent interfer-
cnce maxima is determined in the device by the method described above wich relative
error of 0.02, and consequently the error of determining A,, on the short-wave
boundary of the spectral band (A=0.4 pm) 1s 0.02 A/2=0.004 ym. The interferometer
length calculated from this value should not exceed 20 um. An interferometer is
installed in the device with patently greater dispersion region (L =z 14 um); certi-
fication of its length is by the interference method of Ref. 5.

The error of the instrument was determined in experimental measurements of known
wavelengths of emission of He-Ne, He-Cd and certain lines of He-Ar lasers. The
relative error of the instrument determined in this way was 10"%. Time of one
measurement was 1 s.

In structurve, the device consists of an optical module, three electronic modules
(including power supplies) made in standard casings of the Nadel type, and the
{skra 123 computer store. The optical module of the instrument, including the
interferometer and photomultiplier, is accommodated on a pedestal with aligning
devices for bringing its optical axis into registration with the laser emission
axis.
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Instability of radiation power of the investigated laser leads to chaotic noises
in the interference patterns registered by the photomultiplier. Studies showed
that when noises amount to more than 10% of the usefulsignal amplitude, there may
be malfunctions in shaper ®. An optical isolater is used to prevent the influence
of optical feedback between the interferometer and laser cavity, which can also
lead to interruptions of operation.
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UDC 535.87+621.373:535
EFFECT OF TEMPERATURE ON PHASE ANISOTROPY OF DIELECTRIC LASER MIRRORS

Leningrad OPTIKA I SPEKTROSKOPIYA in Russian Vol 51, No 4, Oct 81 (manuscript re-
ceived 23 Jun 80) pp 724-725

[Article by V. G. Gudelev and V. M. Yasinskiy]

- [Text] Multilayered dielectric iaser mirrors that work with oblique incidence
of radiation have linear phase anisotropy [Ref. 1] that has a considerable effect
on the polarization-frequency character istics of precision measurement laser systems
(ring lasers, polarization interferometers and so on). Instability of the phase
anisotropy of the mirrors due to heating during the working process may be detri-
mental to the characteristics of such systems.

- To study the influence of temperature on phase anisotropy of mirrors, the intra-
cavity frequency method of measuring anisotropy has been used [Ref. 2]. The mea-
surements were made in an amplitude-isotropic cornmer-reflector laser cavity. Under
ordinary conditions the sensitivity of measurement of phase anisotropy by such

a method is limited by instability of cavity length, modal composition and radiation
power, and does not exceed 10~% rad, which precludes observation of temperature
influence on phase anisotrcpy of mirrors [Ref. 3]. To improve measurement sensi-
tivity, the laser was operated on a single transverse mode. A transverse magnetic
field (B =z 7 mT) was superimposed on the active element of the laser [Ref. 4] to
stabilize lasing of two orthogonally linearly polarized waves with a slight fre-
quency difference proportional to the linear phase anisotropy of the mirror A.

To compensate for amplitude anisotropy of the mirror, a weak partial polarizer

was placed in the cavity. To stabilize the frequency of laser radiation with re-
spect to the center of the amplification line, an AFC system described in Ref. 5
was used. A high-voltage current stabilizer with dynamic output impedance of

~400 MQ was used for supply of the active element. These steps improved the sensi-
tivity of measurements of phase anisotropy to 10”5 rad with intermode range of

315 MHz, which corresponds to instability of the difference frequency of *1 kHz.
Slight misalignments of the cavity and fluctuations of air demsity that arise during
measurements due to heating of the investi§ated mirror reduced the sensitivity

of measurements of phase anisotropy to 107* rad at a mirror temperature of ~50°C

An investigation was made of the temperature dependence of phase anisotropy of

_ dielectric mirrors made by thermal sputtering of )%-wave layers of ZnS and MgF;
on a K8 glass backing. Measurements were done at an angle of incidence.of 30°
on a lasing wavelength of 1.153 pm in the temperature range of 25-55°C.
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hl

. . The figure shows the resultant curves for phase ani-
sotropy of five mirrors of different manufacturing
batches, having different initial anisotropy A=65—6p
at 25°C, where &84 and Gp are phase jumps that arise
upon reflection of s- and p-polarized waves from the
mirror coating. For the sake of convenience in com-
parison, all curves are placed in a row. It can
be seen from the results that phase anisotropy of
multilayered dielectric mirrors is appreciably de-
pendent on temperature. The average slope of the
dependence of anisotropy of the mirror on temperature
is 10™* rad/K. For a qualitative explanation of the
behavior of these curves, it is convenient to use
the theoretical dependence of phase anisotropy of
a mirror on the parameter s/ A given in Ref. 1, where
Ao is the wavelength for which the layers of the
mirror are Y-wave layers, and \ is laser emission
with different initial ani- wavelength. When the mirror is heated, there is ]
sotropy. A, rad: l-- a change in optical thicknesses of the ]:ayers, which
0.038: 2--0.033;: 3-- —-0.026: is equivalent to displacement of Ay, and to a cor-

. H . H . H .
hee -0.033: S5-— =0.035 responding change in phase anisotropy of the mirror.

’ Therefore, when A¢ is a linear function of temperature,

the temperature dependence of A is also linear. Quantitative comparison of experi-
mental results with calculation is difficult because of a lack of reliable data
on thermo-optical constants of films of sputtered materials. Besides, the coef-
ficients of refraction of the layers due to porosity depend on the technology of
mirror manufacture, i. e. on the packing density of the sputtered material and
the degree of filling of pores with moisture [Ref. 6]. This apparently explains
the slight differences in the behavior of curves for different mirrors.

A, rad
1-1073

& W

It 1 4

0 W 50t

. Temperature dependence of
phase anisotropy of mirrors

Thus, these measurements enable us to detect and study the influence of temperature
on the phase anisotropy of dielectric laser mirrors that work with oblique inci-
dence of radiation.
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UDC 535.214

DECELERATION OF ATOMS AND REARRANGEMENT OF ATOMIC VELOCITIES BY RESONANT LASER
RADIATION PRESSURE

Moscow IZVESTIYA AKADEMII NAUK SSSR: SERIYA FIZICHESKAYA in Russian Vol 45, No 6,
Jun 81 pp 1047-1058

[Article by V. I. Balykin and V. G. Minogin, Institute of Spectroscopy, USSR Acad-
emy of Sciences]

[Text] Introduction

The main features of movement of atoms in a resonant light field are determined

by the velocity dependence of the force of light pressure and the velocity diffusion
tensor [Ref. 1-6]. Both the force and the diffusion tensor in the case of a mono-
chromatic traveling wave are resonant, reflecting the resonant interaction between
atom and light field. A direct consequence of the resonant nature of the force

and tensor of velocity diffusion is that the force and diffusion change the veloci-
ties of atoms mainly in the narrow range Av ~ Aw/k determined by the width of the
absorption line Aw. In this connection, while the diffusion of atomic velocities
does not depend on the direction of wave propagation and symmetrically broadens

the velocity distribution of resonant atoms, the force of light pressure, singling
out a direction in space, forms an asymmetric distribution. As a result, in the
case where atoms propagate along the ligh. wave the center of the velocity distri-
bution is shifted into the region of velocities that are greater than the resonant
velocity, while in the case of contrary propagation the center of this distribution
is shifted toward lower velocities. At the same time, due to the nonlinear depen-
dence of the force of light pressure on velocity, the displacement of the velocity
distribution is always accompanied by narrowing, i. e. by monochromatization of
atomic velocities.

This redistribution of atomic velocities is of interest in the case of deceleration
of atomic beams by an opposed light field [Ref. 7, 8] since slow monochromatic
atomic beams are ideal objects both for direct use in experimental practice and

for injection into atomic traps [Ref. 9-11].

Two methods can be pointed out for decelerating atoms by resonant laser emission.
One of them uses scanning of the frequency of laser radiation along the Doppler
contour of the atomic transition. In this case the effect of the radiation on

the atoms is due to continuous tuning of the laser emission freguency to the reso-
nant frequency of the atom being decelerated. Such a method can be used for
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generating pulses of cold atoms. The other method of radiative deceleration, which
enables generation of steady-state streams of cold atoms, is head-on exposure of
atomic beams to fixed-frequency laser emission. This method was recently analyzed
for the ideal case of a monochromatic traveling wave in Ref. 8.

Our paper gives experimental and theoretical results of an investigation of the
two methods mentioned above for radiative deceleration of atoms. All studies were
done in a beam of sodium atoms interacting with laser radiation on transition
351/2—3P 3/2 .

1. Formulation of the Problem

As a basis for our experimental study of the evolution of atomic velocities, we
have chosen registration of the deformation of velocity distribution with respect
to change of intensity of fluorescence of atoms that are in resonance with laser
emission. When atoms are excited on a transition with frequency wg by a head-on
light wave with frequency w<wg, the fluorescence
signal is proportional to the number of atoms with
E 1A J M velocity vpe3=-(w— wg)/k. Therefore the change in
/ = the fluorescence signal directly reflects the
change in the distribution function of the atoms
w(z, v, t) at longitudinal velocity Vz=V=Vpeg-
A more direct experiment would be to use a probe
. light heam to excite fluorescence and record the
- v v v latter both at different distances from the point
of entry of atoms into the decelerating laser
- 1y ey ey field, and at different instants of time. This
method can give adequate information on the change
in distribution function of the atoms w(z, v, t).
Because of limitations on experimental capabili-
ties, we chose a simpler arrangement (Fig. 1),
=g z, 2,71 t in which the fluorescence detector was situated
at a fixed distance z=1 from the source of the
Fig. 1. Deformation of ve- atomic beam, and the flucrescence itself arose
locity distribution of atomic due to the same radiation that was used for de-
beam exposed to a head-on celerating the atoms.
resonant light wave: 1--
source; 2--atomic beam; 3--~ The arrangement with scanning of the frequency
laser beam; 4--detector of laser radiation enabled observation of the
contour of fluorescence of the atomic beam, which
determines the velocity distribution of the atoms at point z=17. At laser emission
intensity I, <<Ig (where Ig is the saturation intensity), the action of the force
- of light pressure on translational motion of atoms is insignificant. In this con-
- nection, when I;>>I. the curve for the fluorescence signal as a function of laser
emission frequency coples the velocity distribution of the initial atomic beam.
At intensity I >>I., the radiation frequency dependence of the fluorescence signal
represents the velocity distribution deformed by the laser emission. The degree
- of deceleration and monochromatization of the atomic beam can be determined by
comparing two distributions with low and high intensity Ij.

y

~

In the arrangement with fixed frequency of laser emission, all information on the
evolution of velocity distribution is contained fn the behavior of fluorescence

97
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

Intensity as a function of the time of exposure. The curve describing this behavior
has two distinguishing features. First, because of the drift of atoms into the
region of lower velocities, it is a decreasing function of time. Secondly, the

drop in the curve is always only to a certain level since for a fixed interaction
length Az=1 the velocity distribution is deformed to a certain limit.

-
-~
~

[N

L. f=2

171712 Mz
F=t

Fig. 2. Diagrams of cyclic interaction of dodium atoms with
laser radiation: a--energy diagram of hyperfine structure of
the Dy~line of the sodium atom; b--optical orientacion of atom
by circularly polarized laser emission; c--resonant transition
in two-frequency excitation of atom

These methods of studying deformation of velocity distribution can in principle

be applied to any atoms, assuming that they are made to interact cyclically with
the light field. 1In the case of sodium atoms, the cyclicity of interaction can

be achieved either by using circularly polarized radiation for optical orientation
of the atoms, as was done in Ref. 7 (see also Ref. 12), or by exciting the atoms
with a two-frequency light field (Fig. 2). The latter version is preferable since
for any polarizations of laser emission it provides reliable excitation of atoms
from any sublevel F=1, 2 of the hyperfine structure of the ground state 385&'

However, it can be used only in the arrangement with fixed frequency of laser radia-
tion since it is rather difficult to realize simultaneous scanning of two laser
modes with fixed distance between them. In our experiments we used two axial modes
of a cw dye laser as the two-frequency light field. One of the modes excited sodium
atoms on transition 351/2(F= 1)-3P 3/2, and the other excited atoms on transition

351/2 (F= 2)—3P3/2 (Fig. 2¢).

Clearly, the use of the two-frequency light field in principle could have altered
the above-described simple pattern of deformation of velocity distribution since
two light waves can act on different velocity groups of atoms. Actually, at the
temperatures of the source of atoms that we used, the overlap of absorption lines
on transitions 351/2 (F= 1)-3P3/q and 381/2(F= 2)—3P3/2 could be disregarded. In this

connection, the low-frequency mode of laser radiation with frequency w; excited
atoms only from state F=2, while the high-frequency mode with frequency w; = w3+
1772 MHz excited atoms almost exclusively from state F=1. Since in addition the
frequency interval between modes w2 — w1 coincided with the frequency difference
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of the two resonant transitions wog—wig=1772 MHz, both modes acted on the same
velocity group of atoms, and deformed the velocity distributions on levels F=1,2
in the same way.

2. Experimental Facility

A diagram of the experimental facility is shown in Fig. 3. It consists of the fol-
lowing principal components: cw dye laser (1), a cell with sources of main (11)

. and reference (10) atomic beams, a system (5, 6) for recording the signal of fluo-
rescence from the atoms (photomultiplier, oscilloscope), laser frequency scanning

13 Fig. 3. Diagram of experimental
)) 4 setup: l--dye laser; 2--contro]
= ! i cell with sodium; 3, 6--photomulti-

- pliers; 4--laser frequency scanning
- =l module; 5--oscilloscope; 7--inter-
= ferometer; 8--lens; 9--polarizer;
10, 11--ovens of atomic beams; 12--~
region of interaction of atomic
and laser beams; l3--radiation
interrupter

module (4), control cell with sodium vapor (2), and a system for monitoring the

frequency of the laser and the scanning mode. The polarizer (9) and %-wave plate

produced circularly polarized radiation in single-mode operation of the laser.

The mechanical interrupter (13) ensured switching of 1laser rediation in the two-
- frequency mode of operation.

A Spectra-Physics 580A laser was used to get single-mode scanned radiation. A
system with scanning rate of 1400 MHz/ms was made on the basis of the 481A scanning
module of this laser.

The two-frequency lasing mode was achieved in the following way. The optical length
of the laser cavity was selected such that the spacing between components of the
hyperfine structure of the ground state of the sodium atom was a multiple of the
spacing between frequencies of adjacent axial modes of the laser cavity:

Awe = Muopfg/m,

where m=1, 2, 3.... In our experiment, Awc= 354 MHz, m=5. The lasing spectrum
was prenarrowed to about 2 GHz by using three Fabry-Ferot etalons inside the optical
= cavity. The effect of spatial burnout of inversion [Ref. 13] and a thin absorbing
metal film inside the cavity (Troitskiy . :lector) [Ref. l4] were used to isclate
from among the six or seven axial modes emitted by the laser two that were sepa-
= rated by distance Awpgg=1772 MHz, and to suppress the remaining modes.
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The dye laser radiation was sent to a vacuum cell with the atomic beam source (Fig.
3). The chamber was evacuated to a pressure of p==5-10"s mm Hg. The atomic beam
was collinear with the laser beam. Its aperture wes determined by a set of irises,
the maximum diameter of the irises being greater than that of the laser beam; there-
fore the zone of interazciion of laser radiation with the atomic beam was determined
by the aperture of the laser beam. The diameter of the laser beam near the output
aperture of the source of atoms was equal to d1=0.9 mm, and in the region of fluo-
rescence signal registration d; =1.1 mm. The length of the interaction region

was 38 cm. The working temperature of the atomic beam source t= 300°C.

When the mechanical interruptor (13) was used, the time of switching of the laser
radiation was 1y, =12 us, which is appreciably less than the average time of flight
of the atoms through the interaction space (ty1=0.4 ms). The duration of exposure
of the atomic beam with the modulator open was 2.5 ms. The region of intersection
of the main and reference atomic beams was imaged on the photomultiplier cathode.
The fluorescence signal could be recorded both from atoms of the main atomic beam
and from the atoms of the reference beam, or bo*h together. The main atomic beam
was collinear with the laser beam, and the reference beam was perpendicular. The
reference atomic beam was for the purpose of absolute and relative calibration

of the frequency scale. A weak magnetic field ~f about 1 gauss was applied along
the laser beam in the cell. This field prevented redistribution of the populations
of magnetic sublevels by scattered light.

3. Results of Experiments

A. Scanning of laser emission frequency

In record:~c deformation of the velocity distribution of the atomic beam with re-
spect to a chai_e in absorption line shape (fluorescenct line shave), frequency-
tunable circularly polarized single-mode laser radiation was used. Since in this
case all information on the change of velocity distribution is contained in the
shape of the fluorescence line, our principal interest was in comparing two curves
for fluorescence intensity as a function of laser emission frequeucy: one corre-
sponding to the velocity distribution of the initial beam, and the other correspond-
ing to the deformed velocity distribution. The first curve could be obtained by
scanning the laser frequency along the absorption line contour under two funda-
mentally different sets of experimental conditions. In the first instance the
absorption line contour corresponding to the undeformed velocity distribution

could be recorded at weak laser intensity (I <<Ig) where the influence of the force
of light pressure on the motion of atoms is negligible. In the second instance
this same contour could be produced at moderate radiation intemsities (In~Ig) if
the rate of scanning dwy/dt of the emission frequency was sufficiently slow. Actu-
ally, for appreciable deformation of the velocity distribution by the force of
light pressure

G

TR Em T @

Fue—f

where hk is photon momentum, 2y is the width of the absorption line, G=1I,/Ig

is the saturation parameter, and Q(t) = wy(t) - we is the mismatch of the emission
frequency relative to the frequency of the atomic transition, at each instant
the following condition must be met:

0a(t) =wo—kv, 2)
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that maximnizes force (1). Differentiating (2) with respect to time and using (1),
. we find from condition (2) that the optimum scanning rate is

G hi
~
1+G M

dos _ ey,

= 1 ~ 1600 MHz /ms . 3)

Thus we would expect the most appreciable deformation of velocity distribution
at scanning rate (3), while at lower scanning rates the shape of th- absorption
line ought to be little different from the undeformed line shape.

KU f0)

Y ylr"
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Fig. 4 Fig. 5

Fig. 4. Absorption lines of atoms: a--in perpendicular atomic
beam; b, c--in perpendicular and parallel atomic beams. Frequency
scanning rates: b--46 MHz/ms, c--370 MHz/ms. Intensity of laser
radiation 50 mW/em”

Fig. 5. Absorption line shape in parallel and perpendicular
atomic beams: a-—-excitation by linearly polarized emission;
b--excitation by circularly polarized emission

Experimental absorption line shapes are shown in Fig. 4, 5. Fig. 4a shows the
contour of the absorption line of atoms in a perpencidular beam, which was used

for calibrating the frequency scale. The two absorption maxima correspond to hyper-
fine broadening of the ground state of the sodium atom. The position of frequency
maximum Fz(l) corresponds to the rate of absorption of atoms from a parallel atomic
beam with zero velocity.

Fig. 4b shows joint contours of absorption of atoms in perpendicular anci parallel
beams at a slow rate of scanning of laser emission frequency (46 MHz/ms). At such
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a scanning rate the effects of resonant interaction cannot influence the motion
of atoms, and the curves are the absorption contours of the atoms in both beams.

As an example of the influence of the force of light pressure on the motion of
atoms, Fig. 4c shows line deformation in a parallel beam at & scanning rate of

370 MHz/ms. When this line is compared with that in Fig. 4b, it can be seen that
the maximum of the absorption line is shifted into the region of frequencies corre-
sponding to slower atoms.

Fig. 5 shows the shapes of the absorption line of atoms in parallel and perpen-
dicular beams at laser radiation frequency scanning rate of ty= 370 MHz/ms for
different polarizations of laser radiation.

In the case of linear (m) polarization of radiation under the conditions of our
experiment, multiple interaction of an atom with radiatiom is impossible because
of the drift of atoms to sublevel F=1. With a change to emission with circular
polarization (0+), optical orientation of the atom takes place, and as a result
the atom may interact repeatedly with radiation. This should lead to development
of an appreciable force of light pressure on atoms in the beam, 1. e. to deceler-
ation of atoms, which is demonstrated by displacement of the line maximum, the
maximum displacement being equal to kvpr (Fig. 6).

1 | 1 1 1 -1 1 i1 1
0 400 800 1200 1600
- Q, MHz/ms

Fig. 6. Displacement of the absorption line center in a parallel
- atomic beam as a function of laser frequency scanning rate (black
dots correspond to Fig. 4c). Scale to the right is effective
temperature of atoms interacting with radiation, which was de-
termined with respect to the maximum of the absorption line

The longitudinal temperature of atoms was determined in terms of the rms velocity
of the group of atoms:

3
EER cm—— —— 4
T - (v—w)®, (4)

where

1 o R -
(V) e=—| vN(v)dv, N,=|N(v)dp,
v N.,!.v (v)dv o ! Fv)v
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<v> is the mean velocity of atoms, N(v) is the velocity distribution of atoms that
results from interaction with radiation. The maximum change of temperature of
atoms during interaction with radiation was determined from (4) by numerical inte-
gration. The temperature change was 73°C.

The main factors that prevent more effective deceleration and monochromatization
(cooling) of atoms in this experiment are discussed in detail in Ref. 7.

B. Fized frequency of laser emission
Fig. 7 [photo not reproduced] shows the measured dependence of the fluorescence
signal of atoms on the time of interaction with laser emission at a radiation in-
tensity of I =0.42 W/cm? (saturation parameter G= 1,/1g=42, where I5=0.01 W/cm?
is saturation intensity). The time behavior of fluorescence intensity is in complete
accord with that expected on the basis of qualitative ideas. In the case of rapid
switching of laser emission (the lower horizontal lines correspond to a zero fluo-
rescence signal), fluorescence reaches the maximum value corresponding to undeformed
velocity distribution. Then deformation of the velocity distribution (Fig. 1)
accompanied by a reduction in the fraction of resonant atoms leads to a drop in the
fluorescence signal. The latter takes place over a characteristic time of deforma-
tion of distribution that coincides with the time of flight of atoms througl: the
light beam. On the oscillogram of Fig. 7 the time of fluorescemnce signal reduction
is 0.5 ms, which coincides with good accuracy with the mean time of flight of
- atoms through the interaction space. After the mean time of flight, the fluorescence
signal stabilizes on the level corresponding to the deformed distribution.

As was pointed out in Secion 1, the amount of change in the fluorescence signal
determines the extent of deformation of the absorption line of the atoms, and hence
the degree of deformation of velocity distribution of tue atomic beam. We measured

Fig. 8. Relative change of the
fluorescence signal of sodium
atoms as a function of intensity
of laser radiatjon. Solid curves
show the calculated behavior at
different Aw: 1--30; 2--50; 3-—-
70; 4--90; 5--110 MHz

a1/1,
06

the dependence of the change in the fluorescence signal on the intensity of laser

- radiation. The results of the measurements are shown by the points on Fig. 8.
At an emission intensity of up to 800 mW/cm2 (G=80) used in the experiment, the
relative change in the fluorescence signal reached AI/I=0.36.
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4. Hvolutlon of Atomle Veloclties at Fixed Frequency of Laser Emission

The experimental results given above are in complete agreement with the theory
of motion of atoms in a resonant light field. 1In the case of interest to us, where
. the natural width of the absorption line 2y (2y =10 MHz for transition 3S-3P of

R the sodium -atom) exceeds the recoil energy r (r=25 kHz), a detailed description
of atomic motion can be obtained from the kineric equation for the distribution
function w(z, 'V, t) [Ref. 2, 15, 16]. For an ideal two-level atom and traveling
monochromatic wave in the case of one~dimensional motion of atoms along the z-
axis counter to the light wave, this equation takes the form [Ref. 15, 16]

dw Gw a at
P —— T — = ——(Dw), 5
5 TU e AR = g (D) ©)
where
G
A=—10, 6
VG (ko) T ®)

is the acceleration of the atom under the influence of the force of light pressure,
and

(7)

1 (Qtkv)*/y*-3
=—qyv,}{ 1+a+G
PR ( @ [1+G+(Q+kv)*/m=)

is the component of the velocity diffusion tensor along the z-axis. In (5), (6)
v,=hk/M is the recoil velocity, G=I,/I,, Q=w,~w, the parameter o determines the
- z-component of the continuous diffusion tensor [Ref. 15].

Based on equation (5), let us consider the case of deceleration of atoms by a two-
frequency light field of fixed frequency. In doing this, it must be said from

the start that strictly speaking equation (5) camnot be directly applied to de-
scription of the motion of atoms in the experimental arrangement described above.
In the first case, this arrangement used two light waves (two axial modes) with
different frequencies w; and wp. In the second case, both modes of laser emission
had a finite width of the frequency spectrum Aw; comparable with the natural width
of the atomic transition. Finally, due to the presence of a hyperfine structure
in the excited state 3P77’ each of the modes in essence interacted with several

coupled two-level atomic systems (Fig. 2c).

However, it can be shown that accounting for the former circumstance does not change
the form of the equation. Actually, to describe two-frequency excitation of sodium
atoms on two different transitions BSV (F= 1)-3PV and 3SHE(F= 2)—3P7 we need to

2 2 2

write two equations of type (5). However, as was explained in Section 1, since
every atoms actually interacts with only one of the laser radiation modes, and

since the parameters of the equations coincide, by combining these equations we
again arrive at equation (5).

To account for fluctuations of the frequency of laser emission, equation (5) must
be averaged over time interval t exceeding the inverse width of the frequency spec-
trum: 1P®Aw,"'. In carrying out such averaging, we note that the function w(z,

v, t) is already an averaged function of time since it describes a sef of atoms in
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the time scale At>>y~! [Ref. 15]. Finally, taking into consideration that under the
conditions of the experiment Awy~Y, we arrive at the conclusion that when averaging
equation (5) it is necessary to average only its coefficients A and D. Since in
addition the time dependences of A and D are determined only by the time dependence
of frequency wy;, it is actually sufficient to average the coefficients of the equa-
tion with respect to frequencies wy.

Averaging of acceleration A and diffusion D with respect to the frequency spectrum
of laser radiation gives a simple means of accounting for the presence of a hyper-
fine structure in the upper level of the resonant transition. Since the width

of the line of laser emission Awyp= 10 MHz is comparable with the intervals of the
hyperfine structure of state EP%&, it can be assumed with sufficient accuracy for

- experimental purposes that the presence of a hyperfine structure is equivalent
to random scatter of resonant frequencies wy within the limits of the effective

- width of the hyperfine structure Awhfg. Then accounting for the finite width of
laser radiaction Aw and the hyperfine structure of state 3P3/2 reduces to averaging

the coefficients of equation (5) with respect to mismatches Q= wp- wo.

Before explicitly writing out the averaged equation, let us note further that an
estimation of the role of diffusion in the averaged equation shows that for the
length 7 of the interaction space used in the experiments and the effective inter-
action width Aw, the contribution of diffusion to deformation of velocity distribu-
tion is small compared with that of the force of light pressure. Therefore, limiting
ourselves to consideration of only the latter, we finally write out the principal
equation that describes the experiment with fixed radiation frequency:

ow e 9
e F et e (A WD) =
37 v o T e (({ADw)=0, ®)

where the average acceleration <A> in the simple assumption of rectangular profile
of distribution of mismatches @ in effective region Aw is

I e 440 1 6 .ot (Ae/y) (1+6G)*
= ———— —_ e }— T » T
v v (Aco) A0 O G+ (hal2y) F (R +k0) 7y

—8u/2
In (9) the quantity Q=wg- wp has the meaning of the average mismatch that is the
difference between the central frequency of laser radiation w; and the frequency
wg of the atomic transition that is the average value with respect to the hyperfine
structure.

9

The evoluation of velocity distribution w(v) of an atomic beam calculated by equa-
tion (8) for z=l=38 cm and Aw= 70 MHz is shown on Fig. 9a. As a time unit we
chose the quantity (kvp)~!}=3.2:10"% s. 1In the case of long times (t>>Tjn¢)

due to the finiteness of the length of the region of interaction of atoms with
laser radiation, distribution w(v) approaches the steady state. The time depen-
dence of fluorescence intensity corresponding to time deformation of w(v) 1is shown
on Fig. 10 for different values of G. Since If at t=0 corresponds to undeformed
distribution, the change in If as time varies from t =0 to t=® characterizes the
deformation of velocity distribution.
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w, rel. units

i 1 ] 1

0 zaa__'/, o rofy 0 200 _;?-'/’ 400 Koy
- Fig. 9. Change in velocity distribution at point z=38 cm as
a function of interaction time t at Q=-270y, Aw= 14y and G=
30 (a), G=1000 (b). Average thermal velocity of atoms v= 220v/k =
6.5+10% cm/s (2y=10 MHz, G=1/I;, Ig=10 mW/cm?). Time unit
(kvp)~1=3.2.10"° 5

If, rel. units

r Fig. 10. Fluorescence signal
of sodium atoms in the beam
as a function of time of inter-
action with resonant laser emission
for z=38 [cm] at Q=-270y, Aw=
s l4y, v=220vy/k and G=1 (1),
L : 9 (3), 27 (4) and 81 (5)

0 100 ' 20
Z Tint

Fig. 8 shows the behavior of the fluorescence signal as a function of the intensity
of laser radiation at different values of the parameter Aw as calculated from the
curves of Fig. 10. 7The best approximation of the experimental points is realized

at Aw=70 MHz. This valuve agrees well with the mean value of the interval of the
hyperfine structure Awpgg~ 74 MHz.

~ Conclusion

Our studies show that resonant laser emission of moderate intensity (I~ Ig-~

10 mW/cm?) is an effective means of controlling the translational state of atoms.
When atoms are made to interact cyclically with radiation, the latter can be suc-
cessfully used in particular for decelerating atomic beams and for considerably
narrowing their velocity distributions. Such an application of resonant light

pressure opens up real possibilities for generating beams of cold atoms and inject-
ing them into atomic traps [Ref. 3, 9-11].
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UDC 621.317.757

LOW-FREQUENCY SPECTRUM ANALYZER OF CORRELATION TYPE

Moscow PRIBORY. I TEKHNIKA EKSPERIMENTA in Russian No 5, Sep-Oct 81 (manuscript
received 29 Jan 80) pp 85-89

[Article by V. A. Kaznacheyev, I. M. Butenko, G. G. Bunin, K. M. Bykovand N. M.
Zaytsev]

[Text] The paper describes a portable two-channel spectrum ana-
lyzer of correlation type. Frequency band 10 Hz-60 kHz; band

- of analysis 5 Hz; spectral threshold sensitivity ~1 nV/Vﬁ;}
dynamic range 100 dB. Provisions are made for measuring the
modulus and phase of the complex correlation coefficient between
spectral components of two steady-state random processes.

Results of measurements of the spectra of low-frequency (1.f.) noises in radio
signals when these spectra contain discrete components that considerably exceed
the levels of fluctuation noises in the frequency band of analysis will be inexact
or even erroneous in the case of a narrow dynamic range and a wide band of analysis
of the spectrum analyzer. Discrete components in the noise spectrum arise in the
case of vibrational and audio acoustic effects, under pulsed working conditions,
and when there are strong pulsations of power supply voltage. The fluctuational
noises of instruments and devices under such conditions can be measured between

- the frequencies of discrete components of the spectrum by 1.f. spectrum analyzers
with narrow band of analysis and wide dynamic range.

The search for major noise sources in the signal at the output of an instrument

or device is considerably facilitated by measuring correlation coefficients between
spectral components of noises of the output signal and the noises of individual
components of the ir.trument or subassemblies of the device. Such measurements

can be made by two-channel 1.f. spectrum analyzers with correlators at the output.

It should be noted that quite often when measuring the 1.f. noises of low-noise
microwave instruments and devices, the set noises of microwave detectors are com-
parable with the noise being studied. The influence that 1.f. noises of detectors
have on results of measuring noises of microwave devices is considerably reduced
by using correlational fluctuation meters [Ref. 1-9]. These meters have higher
sensitivity than single~channel meters.

This article gives the results of development of a two-channel spectrum analyzer

- of correlation type that has better spectral threshold sensitivity and a greater
dynamic range than analogs made in the Soviet Union and elsewhere (see the table).

108

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOK OFFICIAL USE ONLY

Major characteristics of best 1.f. spectrum analyzers

- Principal characteristics
Type of Distinguishing Spectral Dynamic |Band of [References
analyzer features Frequency sensi-
range, gnalysis,
range, Hz tivity, 4B Hz
nV/vHz

Described | Two-channel correla- | 10-6-10" 1 100 5 -
here tional analyzer with

automatic normaliza-

tion in measurement

of correlation coef-

ficient
54-48 Single~channel 10-2+10" 17 70 5, 150 10
SK4-56 " " 10-2-10"* 17 80 3 11
HP-3580A " " 5-5+10" 30 80 1 12
HP-855 3B " M 103-110-10° - 130% 10 12
IF-1 Two-channel correla- | 10%-5.10° 15 - 200, 400 3

tional analyzer with

manual normalization

in measurement of

- correlation coeffi~
cient

*Assuming that the 1.f. set noises of the spectrum analyzer in the frequency
range from 10 Hz to 1 kHz change according to a 1/F law (flicker noise), the dynamic

- range of this spectrum analyzer on analysis frequency of 10 Hz will not exceed 90 dB.

This paper gives designs for improved technical characteristics of the spectrum

analyzer:

spectral threshold sensitivity of ~1 nV/

automatic normalization of spectral density of the reciprocal spectrum.
tude-frequency characteristics of the input amplifiers and mixers of the spectrum
analyzer enable displacement of the lower limit of the frequency band to a fraction
To do this it is sufficient to change the filters that determine the
frequency band of the analysis for more narrow-band filters.

of a hertz.

Specifics of Major Components of the Circuitry.

/ﬁ?; dynamic range of 100 dB,

The ampli-

The spectrum analyzer consists

of two identical amplification channels that are superhet receivers with double

frequency conversion (Fig. 1).
shown in Fig. 2.

A block diagram of one amplification channel is

Low threshold sensitivity on low frequencies is enxured by KT3107L low-noise tran-
sistors with high current gain (82 100) at low collector working currents (I¢=

0.1-1 mA) {Ref. 13].

_ used for the input amplifiers.

Similar results are achieved when KT203B transistors are

The upper frequency of flicker noises of amplifiers using transistors of these
types does not exceed 30 Hz when the impedance of the signal source is less than
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Input 1 "’chafmg'l

Amplif.,
Tnput 26+ hannel 2

I uny, ’

Fig. 1. Block diagram of spectrum analyzer: [em I--first hetero-
dyne; I'em 2--second heterodyne (200 kHz); @By, ®B~--phase shifters;
PY,, PY¥,--devices for manual and automatic gain control; HIIY,, HIIV,
—--multiplier overload indicators; [--analyzer mode selector; X--
multiplier; OHY--low-frequency filter; Wl~-meter; I[U--digital fre-
quency meter; Arr--multiplier attenuator

Ffbihl—st heterodyne

Inpute-jarri{amy ATIZH(PHUH.WIIJ

- Y AT T 3[-901Y, -HATT U~ K@, [~{CMZ -9, [>To phase shifter

From 2-nd heterodyne
Fig. 2. Block diagram of one amplification channel; ArT1-ATT4—-
attenuators; BMY--low-noise input amplifier with stepwise gain
control; YHY--low-frequency amplifier with continuous gain control;
HIC--mixer overload indicator; Cmi1--first mixer (128 kHz); Ko, --
quartz filter with pasgband of 5 Hz on frequency of 128 kHz; IIVIIY; --
preamplifier of first i-f voltages; YMU;--first i-f voltage ampli-
fier; KO, ~——second quartz filter with passband of 30 Hz on frequency
of 128 kHz; CM2 ~-second mixer; YIIU, -~-second 1-f voltage amplifier (72 kHz)
. 10 kQ. A diagram of the amplifier is shown in Fig. 3. The experimental curve for
- the noise factor as a function of frequency is shown in Fig. 4. The wide dynamic
range (>100 dB) is attained by making the low-frequency amplifiers in a differential
circuit with deep negative feedback (>60 dB). Commutation of the input attenuator

_ and feedback circuits 1s done in such a way that the input impedance of the channel
is 100 k@ on all measurement ranges. :

A schematic diagram of the mixer is shown in Fig. 5. The mixer operates as follows.
In the differential stage based on KINT591 microcircuit and KT312B transistor the
input voltage ischanged to antiphase collector currents of the transistors of chip
KINT591. The current switches alternately conmnect the antiphase currents to the

2.2 kK load resistors. In this way the input signal is multiplied by the pulse
signals of the heterodyne with 1 V peak-to-peak amplitude (from cycle to cycle).
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! I

AN

4.7 kQ, 3--540 Q
Fig. 3. Schematic diagram of low-noise

input amplifier: P,, P,--sealed-contact
relays; Ty, T,-~KT3107L; Ts, T,--KP303B;

Ts--KT3102V
= : +5.
2,2x 2,2«
Ou‘tgut
: Heterodyne | My
spus— 0 o HE A
¢ J
o
O ]
Signgl—{; }Mz
“Input | 620
5 Ebias

Fig. 5. Schematic diagram of mixer: M;-~K217NT3; M,~-KINT591
T,--KT312B
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The wide dynamic range of the mixer (100 dB in a frequency band of 5 Hz in combi-
- nation with quartz filter PF2P-34) is achieved by using deep negative feedback
: (620 9 resistor) in the differential stages based on chip KINT591, and switch oper-
ation of the transistors of chip K217NT3. An advantage of the switching mode of
mixer operation is that the i-f voltage amplitude is independent of fluctuations
of the heterodyne amplitude. The balanced circuit of the mixer keeps the heterodyne
voltage on a low level in the intermediate-frequency channel (S40 dB over the noise
level in this channel at fy,¢ = fi.¢)-

The dynamic range of the mixer is less than that of the preceding amplifiers since
the mixer as a whole cannot be covered by feedback. Under these conditions the
dynamic range of the amplification channel (together with the mixer) depends on

the ratio of the transfer factor of the first quartz filter to the noise voltage

of the intermediate-frequency channel normalized to the input of the intermediate-
frequency preamplifier (IFPA). The higher this ratio, the wider will be the overall
dynamic range. The above presentation is realized in the described spectrum analyzer
in the following way: the ratio of the transfer factor of the quartz filter to

the noise voltage of the intermediate-frequency channel is brought to about

1/40 nv~! by selecting resistors to match the input of the quartz filter to the
output impedance of the signal source (2.2 k2), and to match the output to the

load (5.6 kR); the developed IFPA circuit has a noise factor of <2 dB.

560 ,
- output

Fig. 6. Schematic diagram of IFPA: T,--GT322V; T, T3--KT301Ye

The maximum dynamic range of the amplification channel is realized at an effective
signal amplitude of ~40 mV at the mixer input. This level is established by con-
tinuous gain control of the low-frequency amplifier, and is monitored by the mixer
overload indicator. The indicator is a peak detector with time constant of 1 s.

A schematic of the first i-f voltage preamplifier is shown in Fig. 6. To stabilize
gain (40 dB), the IFPA is covered by negative feedback (R, Rz). R; is selected
during tuning.

The noise level of the amplifier (~20 nV in a frequency band of 5 Hz) is determined
mainly by the quartz filter load resistance. The required gain of the intermediate-
frequency channel should be 2130 dB since the optimum voltage across the inputs
of the multiplier is ~150 mV. Resistance to self-excitation of the intermediate
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Fig. 7. Schematic of multiplier: M;--101KT1l; M, M3--KINT591;
My-~140MAL; [,--D223

frequency channel is ensured by using a second frequency converter. This facili-
tates tuning of the circuit and simplifies the design of the device (by reducing
shielding requirements for stages of the intermediate-frequency channel).

The gain of the first intermediate-frequency (i-f) channel (128 kHz)--from the

input of the IFPA to the input of the second mixer--is 70 dB; the gain of the second
i-f channel (72 kHz)--from the input of the second mixer to the input of the multi-
plier--is 60 dB. The second quartz filter with frequency band of 30 Hz installed

in the first i-f channel is intended for suppressing the noises of this channel

that lie outside the 5 Hz frequency band of the first quartz filter. The second
mixer is made in the same circuit as the first.

The phase shifter is built in a bridge circuit [Ref. 14, p 240]. The phase of

the input signal is shifted by changing the current through diodes connected in

the phase-shifting arm of the bridge. Maximum phase shift is 135°. The signal
multiplier with current normalization [Ref. 15] is based on a 140MAl microcircuit
(Fig. 7). A logarithmic stages based on 101KT1 and 159NT1 microcircuits expands

the range of voltages of the multiplied signals. Optimum voltages across the multi-
plier inputs (~150 mV) are established by regulating the gain of the low-frequency
and intermediate-frequency channels, and are monitored by the readings of multiplier
overload indicators.

A correlational gain in noises of the correlator (the multiplier together with
the integrator) by a factor of ~5-10 with band of analysis of 5 Hz is realized

at an integrator averaging time of ~10-40 s. The integrator is an RC integrating
circuit with time constants of 1, 3, 10 and 45 s.

When measuring the modulus of the complex correlation coefficient between the spec-
tral components of two random processes by the phase shifter in one channel of

the spectrum analyzer, the signal phase is varied by an amount such that the indi-
cator reading is maximized. This reading corresponds to the sought modulus, and

the rotation of the phase by the phase shifter corresponds to the phase shift be-
tween the spectral components of the processes on the given frequency of the spectrum.

113
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

The real part of the complex correlation coefficient is read out directly from
the scale of the meter, the zero position being in the middle of the scale. When
measuring correlation coefficients in both channels, automatic gain control is
switched in to obviate the need for laborious calibration of the device on each
frequency of analysis.

Each heterodyne has two frequency tuning bands: a wide band from 128 to 188 kHz
with frequency stability of 3.1075 over 15 minutes, and a narrow band from 128

to 131 kHz with frequency stability of 2+107% over 15 minutes. The wide-band het-
erodyne is a master LC-oscillator with thermocompensation. It is tuned over a
frequency band of 1.2-1.9 MHz. The frequency of the waveforms at the heterodyne
output is obtained by dividiug the frequency of the master oscillator by 10. The
frequency of the heterodyne output signal in both ranges is varied by tuning the
frequency of the master oscillator. In the narrow band the heterodyne frequency
is stabilized by phase AFC.

The heterodyne frequency is monitored by a digital frequency meter with liquid
crystal display. The error of frequency measurement by this meter is no more than
+0.1 Hz. Undivided frequency is sent to the frequency meter to accelerate operation
by a factor of 10. KEM-2B sealed contacts are used to commutate the circuits in

the attenuators, feedback in the input amplifiers, the frequency bands of the het-
erodyne and the time constant in the RC circuit of the multiplier.

The described spectrum analyzer can be used to measure the "fine" structure of
the spectrum of low-frequency noises of electronic instruments in real applicationms,
- in particular at high levels of pulsations of supply voltages and their harmonics.
Correlational analysis of the noises of devices and of the noises in circuits where
they are used reveals fundamental sources of noises, and accordingly enables deter-
mination of possible ways to reduce them. Thus the wide dynamic range and the two-
channel arrangement with correlator at the output are the major advantages of the
given spectrum analyzer. :

The authors thank V. G. Gorbas' for furnishing the frequency meter.
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OPTOELECTRONICS

PRIZ IMACE CONVERTER: ITS USE IN OPTICAL DATA PROCESSING SYSTEMS

Leningrad ZHURNAL TEKHNICHESKOY FIZIKI in Russian Vol 51, No 7, Jul 81 (manuscript
received 18 Jun 80) pp 1422-1431

[Article by M. P. Petrov, A. V. Khomenko, M. V. Krasin'kova, V. I. Marakhonov
and M. G. Shlyagin, Physicotechnical Institute imeni A. F. Ioffe, USSR Academy
of Sciences, Leningradl

[Text] The paper gives the results of a study of the new PRIZ
optically controlled space-time light modulator. The trans-
verse linear electro-optical effect in a Bi,,510;¢ crystal is
used for light modulation in this device. The authors examine
the working principle of such a modulator, and give the results
of measurement of its parameters. It is shown that with respect
to all major parameters the PRIZ modulator is superior to the
¥2M modulator using the same crystal. Besides, the new device
can be easily used for outlining, sectoral filtration and dynamic
selection of images. A new method is proposed for describing
the effect of dynamic light modulators that is used for describ-
ing the effect of dynamic selection of images that has been
discovered in the PRIZ modulator. It is demonstrated that holo-
grams can be recorded from such a modulator, and that it can

be used for compressing LFM signals.

Optical methods are advisable for processing large masses of information, and
in particular information in the form of two-dimensional images. It is most ef-
- fective in such cases to use optical data processing systems that operate in real
time. However, realization of systems of this kind requires an active element--
what is called a space-time light modulator enabling efficient high~speed record-
ing, readout and erasure of the initial image. In many cases of practical impor-
tance it is sufficient that the block of information imaged on the modulator and
the pace of operation correspond to the television standard (number of resolvable
elements 105-10%, frame frequency 20-30 Hz).

At the present time, several space-time light modulators have been developed,
e. g. modulators based on liquid crystals [Ref. 1], the Phototitus [Ref. 2], PROM

[Ref. 3] and others. Nonetheless, up until now no modulator has yet been developed
that would simultaneously satisfy the entire set of requirements to be met.
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This paper is a report on the results of studies of a new modulator--the PRIZ
image converter--that has high parameters and can be used for such operations
as spatial differentiation and sectoral filtration by an extremely simple and
effective method. In addition, this modulator has shtown an effect of dynamic
selection of images, enabling differentiation of the time-variable part of two-
dimensional information blocks.

Working Principle
Operation of the PRIZ modulator is based on the photorefraction effect, i. e.
on the change in birefringence of a crystal under the action of incident light.

The same effect is used in the well known PROM device. Let us explain the working
principle of both modulators by means of the structure illustrated on Fig., 1.

w ”/
AL i
' y

3 k7 W

]

| R
..//

-U
Fig. 1. Structure of Fig. 2. Cross section of
PRIZ modulator display by plane (111)

This structure consists of plate of working crystal (1) and a current feed system

_ that includes transparent conductive coatings (3) and thin dielectric layers (2).
Crystals that simultaneously show the linear electro-optical effect and photocon-
ductivity can be used as the working material. Most suitable are cubic crystals
that belong to point groups 43m and 23. Hereafter, all results will be discussed
on the example of crystal B;,SiOp (group 23). It is on this crystal that the
modulator will give the best results, although experiments were also done with
Bi;2Ge0,¢ and Bij;2T103¢.

The mechanism of operation of the modulator is as follows. Recording light from
the blue-green part of the spectrum excites charge carriers in the crystal that
drift into an electric field applied to the crystal plate. As shown in Ref. 4,
this results in formation of a spatially inhomogeneous electric space charge in
the crystal with distribution in the plane of the plate that reproduces the inten-
sity distribution of the recording light. The presence of the space charge gives
rise to an inhomogeneous electric field thqt has both longitudinal components
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(relative to the field set up by the supply voltage) and transverse components.
Since the crystal has the linear electro-optical effect, a spatial change in bi-
refringence arises in conformity with the magnitude and direction of local internal
electric fields. When polarized light from the longer-wave part of the spectrum

is used for readout, the readout beam is modulated with respect to the state of
polarization. An analyzer can convert modulation with respect to the state of
polarization to amplitude modulation.

In order to understand the characteristic features of the PRIZ modulator that
distinguish it from the PROM modulator we must go into more detail in the theory
of the electro-optical effect for crystals of the given type. As is known [Ref.
5], the linear electro-optical effect in a cubic crystal that belongs to group 23
is described by the tensor of electro-optic coefficients in which only the diagonal
elements ruy, rsz and rs3 are non-zero, with r,;=1rs; = rgs. Both the longitudinal
and transverse field-linear electro-optical effect is possible. The electro-
optical effect is termed longitudinal or transverse depending on the mutual orien-
tation of the electric field in the medium and the direction of lignt wave propa-
gation (in the longitudinal effect, these directions are parallel, and in the
transverse effect they are orthogonal). In the absence of an electric field,

the given crystals are isotropic, and the optical indicatrix is a spherical surface.
On the other hand, if an electric field acts on the crystal, the indicatrix is
deformed into an ellipsoid. To determine the birefringent properties of the crys-
tal, it is necessary to find the cross section of the indicatrix by the plane
perpendicular to the direction of propagation of the readout beam, or in our case
by the plane parallel to the plane of the plate. Therefore the orientation (cut)
of the plate with respect to the crystallographic axes has decisive significance
in calculation of the electro-optical effect. Besides, it is important to con-
sider that the electric field giving rise to the change in birefringence is the
sum of the external applied field and the internal inhomogeneous field produced

by the volumetric distribution of the charge. The phase difference between the
ordinary and extraordinary beams of the reading light depends on the x and y co-
ordinates of the plane of the crystalline plate.

Let us consider the three principal orientations of the plane of the plate (100),
(110), (111). 1In cut (100) when the plane wave of the reading light is normally
incident, only the longitudinal electro-optical effect is possible. In this case,
no matter what the orientation of the electric field in the crystal, birefringence
is produced only by the longitudinal field components (i. e. those along the z-
axis). Hereafter, the z-axis will everywhere be taken to mean the direction of
the normal to the forward surface of the crystal plate. The phase difference is

2r e 2n
do (2, P)="nlry | E, (@ y, 2)dz=njraU, (1)
0
where E,(x, y, 2) is the longitudinal component of the electric field, which in
the case of nonuniform charge distribution in the crystal depends on the z-coordi-

nate; dyp is the thickness of the crystal; U is the potential difference between
surfaces of the crystal plate; ng is the index of refraction of the crystal.

In contrast to cut (100), in the case of cuts (110) and (111) when a plane light
wave is normally incident only the transverse electro-optical effect is possible.
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In cut (1110 the cross section of the optical indicatrix in the principal axes
takes the form

1

[ =V 2 rtin o v ][+ V EraBy o v, 9)]i=1, @)

where Exy(x, y, z) is the magnitude of the projection of the electric field vector
on plane (111). 1In the general case, Exy is a function of the z-coordinate. Here
the phase difference will be

dy,

. Py - P ) ’
] so(@ =2V Lngry | E,, @ 4, 2)dz. 3)
: 0

Thus the magnitude of birefringence is independent of the direction of the electric
field projection in plame (111), and is determined only by the modulus of this
projection. The angle ¥ between the principal axis of the cross section of the
optical indicatrix ox and the axis [110] of the crystal, and angle y between the
projection of the electric field vector and axis [110] are related by the ex-~
pression

29 4+ ¢ =r/2. (4)

When cut (110) is used, A¢ is determined both by the magnitude of the projection
of the electric field vector on plane (110), and by its direction. The maximum
phase difference is reached when the electric field is directed along axis [110].
In this case
2 2
bo(z, y)="L nira | [E., (2, v, 2)dz. ()

L]

, At a given electric field strength, this is the maximum phase difference that
can be obtained by the transverse effect in a cubic crystal [Ref. 6].

As we know, A determines the modulation of the reading light with respect to
the state of polarization. When linearly polarized reading light is used, and
behind the modulator is an analyzer that isolates the component orthogonal to
the initial polarization, the light is amplitude-modulated. The light intensity
I(x, y) behind the analyzer is described by the following expression:

I1(z, y)==1,sin?2a sin? Ag/2, (6)

where I, is the intensity of the light passing through the modulator to the ana-
lyzer; o is the angle between the direction of the field of polarization of the
reading light and one of the principal axes of the optical indicatrix (Fig. 2).
On the other hand, if circularly polarized light is used, the intensity of the

- light behind a circular analyzer (combination of %-wave plate and linear polarizer)
does not depend on the direction of the field since A¢ is independent of the orien-
tation of the electric field vector in plane (111). 1In recording a sine-wave
grating, the magnitude of the phase difference Ap(x, y) is described by the follow-
ing expression:

Ap(z, y)=~A0¢,+ Ap, cosk.z. "
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The diffraction efficiency of the instrument n, i. e. the ratio of intensity of
the beam diffracted in the first order to the intensity of the reading light inci-
dent on the modulator with consideration of (2) and (4) can be related to the
amplitude of modulation of the phase difference A¢y, by the following expressions:

7= 73(8g,,) cos® (2 + 1) @)
(J; is a first-order Bessel function) for the case of linear polarization, and
“ 1= T} (8ey) @)
for tie case of circular polarization. At small values of Ad, J1(A¢) = Ap/2.

As we can see from relations (1)-(9), the parameters of the modulator, and as

will be clear later, the functional properties depend in a radical way on the
orientation of the crystal. Modulators using the transverse electro-optical effect
are hereinafter called image-converter modulators in contrast to the PROM modulator
where the longitudinal effect is used.

It has been noted earlier that spatial modulation of light is determined by the
electric field of the space charge produced in the recording process. For the
PROM modulator in which the longitudinal electro-optical effect is used, an in-
crease in thickness of the space-charge layer leads to a sharp reduction of A¢
and resolution [Ref. 4]. Under the same conditions for the PRIZ modulator an
increase in the effective thickness of the space charge leads to increased reso-
lution of the device. For example, for cut (l11), calculation analogous to that
of Ref. 4 yields the following expression

__4moganira
' TR
) ¢ [oh k, (dgp — 8) -+ 1 — o kydy, — ch kya] — 8, th kod, sh k0 } 0y
X {1 - T (v U Py by, U Fd,) OB K dyy '

where g9 is the space density of the charge produced during recording; exp, €ps
de, d‘1 are the permittivity and thickness of crystal [xp] and dielectric [a]
respectively; a is the thickness of the space charge layer. This formula implies
the following.

1) At large values of ky (ky> l/a), A$ ~ 1/kx, whereas in the case of the PROM
modulator A¢ ~ l/k)z(, i. e. the PRIZ modulator has smoother dependence of A¢ on
spatial frequency kyx. This leads to an increase in the resolution of the modulator
- as compared with the PROM modulator.

2) At all spatial frequencies ky>1 mm~! the magnitude for the PRIZ modulator
is greater than the A¢ given by the PROM modulator. As a result, the diffraction
efficiency of the PRIZ modulator is higher.

3) As kx>0, 24>0, i. e. the null space frequency is not reproduced by the PRIZ
modulator., This automatically leads to spatial differentiation of images.
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Results are similar for cut (110), the only difference being that a factor of

the order of unity depending on angle y shows up in formula (10). It should be
noted that the external electric field in the PRIZ modulator lies in the direction
of propagation of the reading beam, i. e. geometry analogous to the longitudinal
electro-optical effect is externally realized in the modulator. However, in the
recording process an inhomogeneous field is set up in the crystal, and the trans-
verse components of this field are actually used to modulate the light.

Experimental Results

Fig. 3 shows the results of measurement of the diffraction efficiency of the PRIZ
modulator as a function of the space frequency. The measurements were done in
a logarithmic arrangement with Michelson interferometer. The space frequency
was selected by varying the the angle of inclination of one of the mirrors of the
interferometer. The source of recording light
was either a helium-cadmium laser (A= 441 nm)
LR or an argon laser (A=488 nm). It can be
R o ) seen from Fig. 3 that the PRIZ has high reso-
7 517( \ lution with recording by laser light. Its
0.5 t~, N sensitivity in this case remains practically
4 the same as in the case of recording by He~Cd

l; laser light. The given experimental data
\3 N agree with conclusions drawn from formula
0.1 + \ (10).
: VN
C Ly M

7 2 % 10 20 700

kg, lines/mm

Fig. 3. Diffraction efficiency as
a function of space frequency for
the PRIZ modulator (1, 2) at wave-
lengths of the recording light of
44] nm (1) and 488 nm (2). Shown
for comparison is the same curve
for the PROM modulator (3), A=
441 nm, E= 200 erg/cm?.

Fig. 4 shows curves for diffraction ef-~
ficiency as a function of the angle be-
tween the vector of the space lattice and Fig. 4. Diffraction efficiency

the crystallographic axes for cut (111).
The solid lines show calculated curves

for n in accordance with formulas (8) and
(9) for linear and circular polarization

of the reading light. The space frequency
of the lattice was 5 lines/mm. The plane
of linear polarization was oriented along
axis [112]. For linear polarization we

see good agreement between the theoretical
curve and the experimental data in the case

121

as a function of the angle between
the vector of the space lattice

and the crystallographic axes for
circular polarization and for linear
polarization parallel to axis [112]:
l--recording from the side of the
negative electrode; 2--from the

side of the positive linear polari-
zation n(¢) = nycos? ¢; 3--circular

polarization n(¢) = const
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where negative potential is applied to the leading electrode with respect to the
recording light. On the other hand, if "+" is applied tou this electrode, the
experimental values fit satisfactorily on curve n=ngcos (y-30°). This can be
explained with consideration of the optical activity of the crystal by the fact
that an inhomogeneous electric field is formed in the layer situated closer to
the negative electrode [Ref. 4]. In this case, when the negative electrode is
the trailing one with respect to the recording light, the plane of polarization
of light is turned through an angle of ~15° due to optical activity upon passage
through a crystal layer ~0.7 mm thick. In accordance with expression (8), this
leads to displacement of orientational dependences through an angle of ~30°. This
fact is one more confirmation of the assumption that the effective thickness of

B the layer responsible for modulation of light is considerably less than the thick-
ness of the crystal.

The curves shown on Fig. 4 demonstrate that in the case of readout by linearly
polarized light, the modulator does not reproduce all spatial frequencies, but
rather only those whose vector lies in a certain angular sector, i. e. sectoral
filtration of images is realized.

. Circularly polarized light can be used for readout of images. In this case, when

- the crystal plate has orientation (111), the diffraction efficiency in accordance
with (9) does not depend on the direction of the space lattice vector. The experi-
mental data on Fig. 4 confirm this conclusion.

Fig. 5. Recording of hologram from PRIZ modulator: a--original
image; b-—image recorded on PRIZ modulator; c--image recon-
structred from hologram

Fig. 5 shows a photograh of an image recorded on the PRIZ modulator that was read
out by linearly polarized light. It can be seen from the figure that the null
space frequency of the image was not reproduced, which led to outlining of the
image. The arrow indicates the directlons in which the sectoral converted image
is realized; this specific feature is reflected in the name PRIZ [PReobrazovatel'
IZobrazheniy: image converter].

The same figure shows an example of the image reconstructed from a hologram that
was recorded by the PRIZ modulator. In this case the modulato. acted as a con-
verter of incoherent light to coherent light.
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The sensitivity of the PRIZ modulator is at least an order of magnitude better
than that of the PROM modulator. This means that the PRIZ can be effectively
used in systems for real-time optical processing of information. Ref. 7 has re-
ported on the use of this modulator in an optical spectrum analyzer, correlator
and as a medium for recording holograms.

The PRIZ modulator can also be used for processing electrical signals, and specifi-
cally for compression of an LFM signal. In this case the signal is recorded as

an LFM grid on the modulator, and readout is by coherent light. At a certain
distance from the modulator, one of the diffracted beams is compressed into a
narrow band. In the same plane, another diffracted light beam and the null order
have remained defocused. The theoretical coefficient of compression in this case
is expressed by the formula [Ref. 8]

3
keomp=13 TV & —ni n=Af, (11)

where Af is the deviation of the space frequency of the grid, and I is its length.
Fig. 6 shows the result of signal compression with deviation of 8 lines/mm,

=15 mm, obtained by a PRIZ modulator. The signal was recorded on the modulator
from photographic film by He-Cd laser light.

The experimentally determined value of the co-
efficient of compression was ~100 (theoretical
coefficient of compression of such a signal

is kcomp= 120).

Dynamic Properties

Thanks to high sensitivity (-5:1077 J/cm? per
1% of diffraction efficiency) and the capability
for fast erasure by a flashlamp when the elec-
trodes are shorted, the PRIZ modulator ensures
speed of the order of the television standard

(20-30 frames per second) or more. The working
""m"”m“mmmmmmmmwmmmmmm mode corresponds to the usual well-known cycle:
recording -~ readout - erasure. However, on
Fig. 6. Result of compres- modulators with a modified current-conducting
sion of LFM signal: a--image system, another mode of operation is possible
of LFM signal; b--image of as well, 1. e. a mode that does not require
null order and compressed sig- image erasure. Since some experimental results
nal; c-~-scanogram of zero order that explain this mode have already been pub-
and compressed signal lished [Ref. 9], we give here only the diagram

of Fig. 7. As we can see from this diagram,
when the recording light is energized an image arises in the modulator that begins
to fade within a certain time (in the given specific example within about 0.5 s),
but flares up again when the recording light is switched off. Thus a time-variable
image (or part of one) is isolated in the modulator. These effects can be attrib-
uted to redistribution of the space charge as the image changes, and they determine
the entire dynamics of operation of the device.

Available experimental results of investigation of the response of the PRIZ modu-
lator to unsteady controlling pulses show that this modulator 1is actuvally dynamic,
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- and can provide time-continuous image processing, whereas in most known cases,
discrete frameby frame processing is realized. In this connection, the problem
arises of describing the characteristics of a modulator that adequately reflects
their unsteady nature.

In the scope of our research, a phenomenological approach is developed to descrip-
tion of a dynamic modulator within the framework of the theory of linear systems.

The microscopic nature of the processes that take place in the modulator, as well

as its functional capabilities in devices for processing unsteady two-dimensional
signals will not be discussed here.

Let us consider the response of a dynamic optically controlled modulator to the
action of 1light that has distribution of intensity in the plane of the modulator
F(x, y, t). We will take the modulator as fairly thin to avoid accounting for

the three-dimensional nature of data recording. In the general case, the action
of the modulator on the reading light can be described by a tensor of second rank
P(x, y, t). 1If the reading light has the corresponding wavelength and does not
influence the parameters of the mgdulator, then the amplitude of the reading light
immediately behind the modulator Eout (X» ¥s t) is related to the amplitude of

the reading light E,o,q before the modulator by the expression

Eout(x’ ys t) =P(x, v, t)-ﬁread' (12)

Under the influence of the recording light there will be a change in B(x, ys t),
so that we can write

p(z- Y t)=p0+AP(z’ ¥ t)' . ) (13)
- As we know, ﬁo is a Jones matrix. Hereafter we will consider only Af(x, y, t).

In accordance with the theory of linear systems, the response of the system
AP(x, y, t) to signal F(x, y, t) can be represented as

8B (z, g, y=={{{ 2 (ks K, ©) Skos Bys ) it kgysksIdl diedo, (14)

—00
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where ky, ky and w are the spatial and time frequencies respectively; S(ky, ky, w)
is the three~dimensional Fourier transform of the function F(x, y, t), and k(kg,
kys w) is the Fourier transform of the function of response of the modulator to
tze recording light APg(x, y, t) '

- - I ST
8By (2, v, t)—_—-gjgf(k,, kyy 0) g tkamtkyrionidl dk do. - (15)
' O ) —® : .
The function K(ky, ky, w) characterizes the response of the modulator to the re-
cording light. It is related to the transfer characteristic with respect to the
reading light by the expression
@ : .
Rk, k, )= | L(ks Ky 0)S (k.0 Ky, 0)eioldo, | o (16)

-0

‘

- which is thus a function of time. An important quantity in the experimental re-
spect is the diffraction etficiency

Ak Ky 0)=[x(k,, by 0)S (ke Ky )P (t7)

The difference between this case and the traditional case where the recording

of steady-state time-independent images is considered is that the unsteady images
are distributed with respect to traveling rather than steady-state waves. And

the response of the modulator is also represented as a sum of traveling waves

with amplitude k(ky, ky, w)S(ky, ky, w). Since in our case the action of the
recording light gives Tise to a change in the index of refraction (photorefraction
effect), apparently traveling waves also represent the photorefraction waves.

As can be seen from comparing formulas (8) and (17), for low intensities of the
recording light when the system meets conditions of linearity, the diagonal ele-
ments of the transfer characteristic w(ky, ky, w) coincide with Ag,, , . except

. z. Ry
for a coefficient that depends on angles o and y.

It is important to emphasize the difference in the two stages of analysis. The
first stage examines the linear response of the medium to the intensity of the
recording light, i. e. the recording of the image. Fourier analysis is done with
respect to three variables, and the transfer characteristic is the function

K (ky s ky, w) , while the response function is AP(x, y, t). In readout, the trans~
fer characteristic of the device is the function # (k. k, f) (16), which depends
on time as a parameter.

For experimental determination of k(ky, ky, w)s blue light was used to record on
the modulator an image of the form

F(z, y, ty=B (1 4 m cos k. cos wt). (18)

The intensity of diffraction of He-Ne laser light was measured at the same time.
Based on (17) and (18) we can easily find that the intensity of light in the first
- diffraction order is

B¥m?

"k,, o, ° = 16 l x (kx' 0' w)lz' (19)
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Fig. 8 shows the values of lK(kx, 0, m)l as a function of kx at fixed w and as

a function of w at fixed ky for a modulator in which the (110) cut is used, and
kxll[110]. It can be seen from the figure that the frequency respomse k(kx, 0, w)
vanishes at w=0, and increases linearly at small w. This type of behavior of
the frequency characteristic means that the PRIZ modulator in the given mode of
operation does not transfer null temporal frequencies, i. e. steady-state images,
but ensures continuous isolation of unsteady parts of the image, thus realizing
dynamic image selection. At small w in the 0-3 Hz range, the operation of dynamic
selection coincides with differentiation of images with respect to time.
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PLASMA PHYSICS

UDC 533.93/.95

RADIATION RELATIVISTIC GAS DYNAMICS OF HIGH TEMPERATURE PHENOMENA

Moscow RADIATSIONNAYA RELYATIVISTSKAYA GAZODINAMIKA VYSOKOTEMPERATURNYKH YAVLENIY in
Russian 1981 (signed to press 6 Feb 81) pp 2-4, 87-88

[Annotation, foreword and table of contents from book "Radiation Relativistic Gas
Dynamics of High Temperature Phenomena', by Vladimir Sergeyevich Imshennik and
Yuriy Ivanovich Morozov, Atomizdat, 1065 copies, 88 pages]

[Text] On the basis of relativistic covariant equations of radiation transport,
which include processes of absorption and scattering of photons in matter, the au-
thors derive various approximations of radiation relativistic gas dynamics: radia-
tive heat conduction with local thermodynamic equilibrium, nonequilibrium Thomson
coherent scattering of photons and Compton scattering of photons. Expressions are
obtained for the energy-radiation pulse tensor. Diffusion approximations of radia-
tion relativistic gas dynamics are examined. The authors derive completely closed
nonrelativistic diffusion equations of Compton radiation gas dynamics which gener-
alize the ordinary approximation of radiative heat conduction for the case when
photon scattering processes predominate.

The book is intended for scientific workers in the fields of high-temperature-plasma
physics and relativistic astrophysics. It can be used by graduate students and sen-
ior course students in physics.

The bibliography contains 49 references.

Foreword

Relativistic effects during the movement of a gas interacting with occurrent radia-
tion play a very substantial role in many problems of high temperature gas dynamics.
Equations of radiation relativistic gas dynamics must be employed in order to take
these effects into account when diverse physical phenomena with a high energy densi-
ty are being investigated. One can mention in this case powerful electrical dis-
charges in plasma of the plasma focus type and compression and heating of targets by
laser radiation, relativistic electron beams or beams of high-energy heavy ions.
For phenomena like these it is necessary to account for such effects as the part

_ radiation plays in pulse transport, the effect of macroscupic movement of matter on
radiation transport of energy, the influence of various effects of interaction be-~
tween radiation and matter on gas dynamic characteristics of movement and so on.
Especially important is the consideration of relativistic effects in a number of
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astrophysics problems, such as the propagation of strong shock waves in stellar en-
velopes toward the star surface, typical in the gravitational collapse of stars and
in supernovae outbursts; high-speed fluxes of matter in the surface layers of stars
and the sun, of the stellar wind and solar wind type; the development of flare ac-
tivity of the sun and stars and so on.

A detailed, comprehensive investigation of these problems necessarily touches upon a
broad range of questions of a theoretical nature which call for a well-grounded pre-
sentation on the method used to obtain approximations of the equations of radiation
gas dynamics in relativistic covariant form, and on their merit and limits of ap-
plicability.

The basis for the study of radiation transport in a medium moving at relativistic
velocities was set.forth in the classic worx of Thomas [1]. Cited works [2-6] are
devoted to various forms of covariant formulation of the Thomas equations within the
framework of the special theory of relativity. In the work of Lindquist [7], equa-
tions of relativistic radiation gas dynamics are obtained in a general covariant
form which holds for general relativity theory. Characteristic of the works along
this line is that most of them rely on the representation of radiation in the form
of a photon gas and on the use of the Boltzmann equation, whereby the effects of

the radiation's interaction w i t h matter are viewed phenomenologically--in terms
of the coefficients of radiation absorption and scattering, the effective opacity of
the medium and the function of the source. This approach enables linking the rela-
tivistic covariant description of the effects of radiation-matter interaction with
the well duveloped formalism of classical transport theory. Moreover, for many
practically important cases it enables finding effective methods of solving the
equations using angular and spectral moments of the radiation's intensity.

However, many aspects of relativistic radiation gas dynamics which are important in
regard to high-temperature media are treated inadequately or not rigorously enough
in the pertinent literature. This is particularly so as concerns coverage of the
role of radiation scattering effects, which are a governing factor for certain pro-
cesses occurring in such media. It addition, it is necessary to mention the rather
complicated way of deriving relativistic covariant equations of radiation gas dy-
namics which relies in certain cases [7] on a mathematical apparatus scarcely acces-
sible to a lot of physicists. Meanwhile, a simple and effective method of obtain-
ing the equations of radiation relativistic gas dynamics using widely known formal
procedures of special relativity theory is entirely feasible, a method which enables
properly allowing for a number of important effects described at present on the basis
of a specific tetradic formulation of general relativity theory.

The purpose of this book is to simply and comprehensibly set forth certain complex
problems of the radiation relativistic gas dynamics of high temperature phenomena

and to formulate the equations of radiation relativistic gas dynam1cs in a number
of practically important approximations.
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STRESS, STRAIN AND DEFORMATION

UDC 534.222.2
CALCULATING INTERNAL STRUCTURE OF DETONATION WAVE

Moscow DOKLADY AKADEMII NAUK SSSR in Russian Vol 260, No 5, 1981 (manuscript re-
ceived 23 Apr 81) pp 1154-1157

[Article by S. K. Aslanov and 0. S. Golinskly, Odessa State University imeni
I. I. Mechnikov]

[Text] It has been experimentally shown [Ref. 1-3] that the detonation propaga-
tion process has a pulsation structure. This is explained by instability of the
detonation wave relative to unsteady perturbations that curve its wavefront and
result in formation of Mach configurations there. Their complete calculation,

in particular determination of the frequency @ of appearance of the configurations
and the size Ay of inhomogeneities that they generate must be based on nonlinear
analysis of perturbations. Such an approach to investigation of stability rums

up against serious analytical difficulties. Therefore we will try in this paper
to find estimates for the principal structural elements 2 and Ay of the detonation
wave on the basis of linear stability theory. While this theory cannot lay claim
to any final conclusions, nonetheless the quantitative estimates that it yields
explain some known experimental factors.

In studying detonation stability relative to perturbations ~exp(fx+ ihy - iwt),
Ref. 4 used the Zel'dovich model [Ref. 5, 6] with chemical kinetics of the delta
function type §(t-1). To solve the equation derived in Ref. 4 relative to w,

we use the hypersonic asymptotic form of Ref. 7, which gives a good approximation
up to shock-wave Mach numbers Mg 2 3. By taking the number M; in the induction
zone [Ref. 8] as a small parameter, we obtain for analysis of instability the
dimensionless form of expansion of the eigenvalue ;==co+-;1M§4-... (g=1wt, T is
the induction period) and an equation relative to principal termZg of the follow-
ing form:

(N efoF+ =0,

F, ¢ are algebraic functions of go, E/RT, &, Mo, Mg, K1, k2, where g=hL=2aL/A,
L=V;t, E is the activation energy, R is the gas constant, T is temperature, V is
velocity, k is the ratio of specific heats, A is the perturbation wavelength
(Fig. 1), L is the thickness of the detonation front, subscripts 1 and 2 refer

to gasdynamic quantities of the induction zone and detonation products.

The transcendental factor e~50 shows the presence of a vibrational spectrum of
unstable pertturbations expressed by an infinite sequence of complex roots fg=atib.
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Depending on the value £ of the geometric di-
mension of the perturbation, two types of
g ' ’ - instabilities may develop on the front: one-
dimensional (£=0) and two-dimenaional (§¥#0).
The former is associated with the predomi-
______ e nantly one-dimensional nature of initial per-
’ turbations and the galloping mode of propa-
“ LN gation of the process. The frequency spectrum

for this case was studied in Ref. 8.

¥

The two-dimensional type of instability is
associated with development of curvatures
of the detonation front and arisal of breaks
there formed by Mach configurations that ig-
nite the mixture in the transverse direction.
Generally speaking, perturbations may take

/ _____ - place in this process with arbitrary value

of the parameter £ #0. However, such breaks
should be generated primarily by the pertur-
bation that develops with accompanying maximum
Fig. 1 curvature of the detonation front. This curva-
ture is determined both by the initial level
of the perturbation and by its wavelength A. The only way to determine the param-
eter figuring in equation (1) is from the standpoint of the overall average level
for principal initial perturbations.

A

The quantative characteristic of the curvature that the perturbed front acquires
in time t is the ratio of the amplitude of its displacement A(t) ~ exp[Re(-iwt)]
to the dimension of the given perturbation A~1/f (Fig. 1). With reference to
the curvature of the detonation wave as a whole (as a wavefront), it makes sense
to consider time intervals at least as long as the characteristic time t of the
process. It is to this parameter that we refer the characteristic curvature of
the detonation front introduced above, which in the logarithmic scale takes the
form c(§)=a+ 1n&. Then the maximum of c(£) uniquely determines the quantity
Em> 1. e. the wavelength Ay of the perturbation with the most rapidly increasing
curvature of the wavefront, reaching its maximum value at points B (B'). It is
precisely in the vicinity of such points that we should primarily expect the
breaks B;, B, (B}, Bj) as perturbations develop, with formation of the triple
configurations experimentally observed by the wake and optical method [Ref. 1-3].
Numerical analysis has shown that the maximum of c(£) is weakly sensitive to se-
lection of the time interval.

Solution of equation (1) has been numerically confirmed on a computer with initial
isolation of roots for the limiting case £=0. The calculations were done on

the basis of the example of detonations in a mixture of 2H, +0; (x3=l.4, k2=1.3,
Ty =293 K) for the following cases: 1) self-maintained mode M, =1 at pg =760,
300, 100 and 45 mm Hg; 2) overdriven mode (oblique Mach wave at the tip of the
spin nucleus for po =45 mm Hg [Ref. 31), My=6.05, Mo,=5.88, My, =0.553.

Activation energy E was taken as 18 kcal/mole [Ref. 9, 10}, the speed of sound
in the initial mixture was 514 m/s, and the detonation rate was based on experi-
mental dependence on py from Ref. 3.
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Fig. 2 Fig. 3

Results of calculation are given only for characteristic cases: po=760 and
45 mm Hg. Accordingly, Fig. 2 and 3 show curves for the distribution with respect
to wave number £ of the fundamental harmonic of the eigenvalue zo(a, b), as well
as the only real root ay of equation (1) that is associated with aperiodic insta-
bility, and the value of c(£). The dot-and-dash curve of a(g) for overdriven
compression given for comparison on Fig. 2 clarifies the experimentally observed

. stabilizing action of this mode on the detonation process.

The value of £y found in each case corresponds to a certain value of the frequency
parameter vo=b/(2wt) that characterizes the frequency Q of appearance of inhomo-
geneities in the detonation front. Their average dimension Ay can be estimated
by using Ap/2, since Fig. 1 shows that an average of two Mach configurations

(B}, B3) develop over the extent of one wavelength.

Determining T; from the enthalpy of the shock-compressed mixture [Ref. 3], and

using experimental values of 1 recalculated for the pressure of the mixture

(t~1/p;) [Ref. 9], we get the following final results. For po=760 mm Hg My =

5.45; 1=2-10"7 s): £, =0.5; b=1.95, 1. e. Ap/2=0.68 mm and vo=1.5 MHz. Data

- of experiments [Ref. 3, 9]--Ay=0.6 mm and Q= 1.3~1.4 MHz. For po =300 mm Hg
Mp=5.25; t=7.2+10"7 s): En=0.57; b=2.33, i. e. Ap/2=2.1 mm and vo=0.52 MHz
for experimental Ay =z 1.8 mm and 2=0.4-0.5 MHz. At po=100 mm Hg (Mo =4.55;
1=5-10"% g): En=1.05; b=3.04, 1i. e. An/2=7.3 [mm], and v =92 kHz (experiment
Ay=6.6 mm; Q=85 kHz).

In case po=45 mm Hg (Mo=4.28; t= 1.4+1075% ), En=1.23; b=3.3, 1. e. Ap/2 =

16.7 mm, and vo = 39 kHz. The initial data for this case correspond to the spin

mode in a tube 16 mm in diameter, with experimentally observed spin frequency

of 44 kHz. The interesting fact that Ap/2 remains close to the diameter and is

greater than the diameter is evidence of the possibility that a single break may
- exist in the cross section of the tube, which ensures spin detonation.
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With a further reduction in the initial parameters of the mixture (beyond the

region of the spin mode), 1 rises rapidly, and a slight change in £y ensures a
- strong increase in Ap, which may considerably exceed the diameter of the tube
as the characteristic transverse dimension of the wavefront. If the detonation
limits are not reached in this case, the instability becomes one-dimensional,
resulting in galloping of the process with periodic pulsation of extinguishing
and ignition of the mixture behind the shock wave (with frequency vg at £=0).

Thus we have shown on the basis of the phenomenological theory developed above
that each set of parameters of the initial fuel mixture, and in particular the
value of the initial pressure py, has a definite natural frequency that character-
izes the internal pulsation structure of the detonation wave and the size of the
inhomogeneities that develop there.

The authors are sincerely grateful to Ya. B. Zel'dovich for constructive discus-
sions of the work and useful remarks.
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V. Concluding remarks 512
References 513
- I. Introduction

In 1971 in the "Present-Day Physics" section of USPEKHI FIZICHESKIKH NAUK, an

article [Ref. 1] was published with the same title as the present article, but
= of course without the subtitle ("Ten Years Later"). Ref. 1 was expanded into
a small booklet that was subsequently translated into several languages, and has
now been published in the Soviet Union in a third edition in 1980 [Ref. 2]. It
seems to me that such a fate of Ref. 1 leaves no doubt that the formulation of
the problem contained therein and its discussion is of rezl interest to many,
and apparently primarily to young physicists and astronomers. At the same time,
it is quite obvious that setting apart some small class of problems to be elevated
to the ranks of those of special importance and interest is an arbitrary matter,
and must not result in neglect of the enormous number of other problems. It is
also clear that the author's selection issubjective, and no claim was then or
is now made that Ref. 1, 2 are anything more than popular science articles. All
this has been fairly well stated in Ref. 1, 2, and there is no need here to go
into any more detail in developing these remarks. However, I should note the
following: if Ref. 1 were being written from the start, in order to avoid irri-
tating some readers (if we assume that everyone who has criticized the article
has actually read it), a more neutral title would have been chosen (such as "Some
Interesting and Important Problems of Physics and Astrophysics"). Unfortunately,
from the very nature of this, the second article, it is impossible to change the
title.

It is clear from the foregoing that for ten years the author in reworking Ref. 1
for new publications has been following the transformation of certain trends and
topics in the area of physics and astrophysics. Thus in a natural way the idea
has arisen of writing the present article, which has the purpose of reflecting
the changes that have taken place in physics and astrophysics over the past ten
years. But, of course, we are not speaking of physics and astrophysics as a whole,
but rather principally only the problems discussed in Ref. 1. Therefore the orga-
nization of the article is as in Ref. 1, which singled out 17 problems; in Ref. 2
there were 21 areas, but some of them should have been broken down. On the whole,
- in this article we will deal with approximately 25 problems and scientific areas.

Finally, I would like to emphasize the following. This article is obviously not
what physicists refer to as a "research paper”, but neither is it a review of

the literature. Therefore it should not be expected to meet requirements that
are appropriate for other cases. For example, in the first place the author as-
sumes that we can dispense with questions of priority in the article proper and
in the list of references. Numerous names or citations of priority would be both-
ersome to the reader. Besides, time and again we have had to come to the con-
clusion that priority citations in the literature "adapted by repetition" are
frequently inexact or even incorrect. And to undertake a special priority search
with respect to the history of the numerous citations would be entirely out of
place. Secondly, the author does not follow the "impersonal style" of exposition
favored in scientific literature, especially in Russian. According to the tenets
of this style, not only is it forbidden to use personal pronouns (I, me, etc.),
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but the author must in general be hidden as far as possible from the eyes of the
reader. I remember how L. D. Landau was always interrupting speakers who had
started to say what they thought or assumed with the comment: '"Don't forget,

your wife is the only one interested in your biography." The impersonal style

has come into being as a result of lengthy experience in the development of science
and I consider it perfectly appropriate in scientific papers, surveys, monographs
and textbooks (I daresay my own practice is no contradiction). But another matter
entirely are journalistic articles, memoirs or articles like the one I am writing,
and I wouldn't know what genre it belongs to. At any rate, this article is already
"personal" in its very inception (i. e. it is subjective by definition), being
devoted to my own idea of certain trends and directions in physics and astro-
physics. I know some people who would find such an approach in itself inappro-
priate or immodest. Others disagree with many of my opinions. All this is their
own business and their right. I would be the last to make any categorical claims
regarding my opinions, and moreover I myself feel that some remarks of mine are
quite controversial. I only reserve the right to have such opinions and not be
afraid to express them. In such a situation, the author cannot and does not mean
to "keep his innocence and still make a profit.'" Therefore I will have to use

personal pronouns, and to some extent not hide my "biography.'" I very much hope
that this form of exposition will not invoke a negative response on the part of
readers.

IT. Macrophysics

Macrophysics as a whole is grounded on a firm foudation (classical and quantum

mechanics, classical and quantum electrodynamics, including the special theory

‘of relativity). Therefore it is natural that the development of macrophysics

in qualitatively new principles is taking place more slowly and less dramatically

than in the case of microphysics and astronomy (including cosmology). To be sure,

we anticipated events somewhat [see Ref. 1, 2] in putting nuclear physics in the

category of macrophysics, as this field borders closely on mlcrophysz.cs Cn the

- other hand, the general theory of relativity (having in mind Einstein's classical
theory) is in its essence a part of macrophysics, but it operates in full force
only inouter space, and is therefore discussed in the astrophysics section of
the article. But even when we consider the advances in nuclear physics and gen-
eral relativity theory over the past decade, macrophysics is not up to microphysics
in quantity of profound and important new results. However, advances and results
in science cannot be weighed out on scales, much of this progress being poorly
commensurable anyway. Therefore we will not divide up '"places" and will rather
get on with the specific problems.

1. Controlled Nuclear Fusion

This problem has been dealt with for 30 years now. The initial "rosy optimism"
was quickly replaced by what could often be taken as even pessimistic views after
it was learned how capricious hot plasma could be, how difficult it is to contain
in traps. But it gradually became clear that with careful control over the homo-
geneity of the magnetic field (to be more precise there must be no field inhomoge-
neities that are unforeseen in calculations), and also when heavier impurities
are removed from a hydrogen plasma, various magnetic traps (tokamaks, stellarators
and some others) operate in general in accord with expectations [Ref. 3a]. As a
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result, there is no longer any doubt as to the possibility of success in systems
with magnetic plasma containment. But to check calculations and overcome diffi-
culties, it is necessary to build ever larger facilities. Naturally this requires
considerable money, effort and time. Tokamaks are currently the favorite, but

as far as I can judge, their superiority over, say, stellarators has not been
demonstrated. Research is also continuing on "open' magnetic traps, called
"mirrortrons" in the jargon. There is scarcely anyone who would try to assure

us that open systems, in some ways the simplest and most convenient, will never

be able to compete with toroidal facilities.

Over the past decade there has been an upsurge of interest in systems with inertial
plasma containment involving micro-implosion of motes (droplets} of a mixture

of deuterium D= d and tritium T= t (of course, we cannot rule out the use of pure

D as well in the future). In principle, the initial implosion of the mote can

be accomplished by light (lasers) and by electron and ion beams [Ref. 3b]. Elec-
trons are especially difficult to use, at the present time laser systems have

been most thoroughly studied, and interest in the use of ion beams is increasing.
Unfortunately, as in the case of magnetic traps, geperally speaking, very large
facilities are needed for studying the capabilities of the "inertial thermonucleus."
In general, research on possibilities of controlled nuclear fusion in the seven-
ties has to a greater extent than formerly turned from a physical problem simul-
taneously into an engineering problem of industrial scale. However, physics is
still leading as competition goes on between rival principles and methods of plasma
containment, and no operating reactor that delivers power has yet been produced

on any of the roads being taken.

2. High-Temperature Superconductivity

This problem was formulated, at least on modern principles, in 1964, The purpose
is clear: to develop or find superconductors or some kind of inhomogeneous super-—
conducting "components'" that would remain superconductive at least at the tem-
perature of liquid nitrogen Ty, N, =77.4 K (the bciling point of nitrogen at atmos-
pheric pressure). However, the state of superconductivity theory, despite its
enormous advances in certain directions, is still not such that it could predict
the critical temperature of superconductive transition T, for more or less compli-
cated compounds or dielectric-metal-dielectric "sandwiches." Therefore, any recom-
mendations that can be made with respect to the search for high-temperature super-
conductors are qualitative and not overly precise. To some extent under the in-
fluence of these reccmmendations (exactly to what extent it would be hard to say) ,
a fairly large number of quasi-one-dimensional and laminar (quasi-two-dimensional)
compounds have been synthesized, and several new superconductors have been found.
But so far (with a stipulation relative to CuCl and CdS that will become clear

from the following) the compound NbjGe has the highest critical temperature of

Tc = 23.2 K, which was learned in 1973. At the same time, we must point out that
the search for new superconductors has turned up such interesting results as the
discovery of metallic conductivity (and superconductivity with Tc =2 0.3 K) in poly-
meric sulfur nitride (SN)y, which obviously does not contain metal atoms. In 1980,
superconductivity was discovered in the organic crystal ditetramethyltetraselena-
fulvalene-hexaf luorophosphate [(TMISF),PF¢]. To be sure, this crystal has metallic
conductivity at low temperature, as well as superconductivity with T, ~1 K, only
under pressure of several kilobars [Ref. 4]. Nonetheless, we are apparently
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dealing with a new class of metals and semiconductors since it is known to be
comparatively easy in some cases to vary organic compounds. Besides, there are
certain grounds for expecting attainment of rather high critical temperatures

for organic compounds [Ref. 5]. Of course, no guarantee of success can be given

in this respect, but the occurrence of a new class of superconductors is of inter-
est even if they are low-temperature superconductors. Also worthy of mention

here are experiments that have led to the conclusion of superconductivity in sulfur
(S) under high pressure and with specific pressure treatment, T, lying in a range
of 26-31 K [Ref. 6].

Returning directly to the problem of high-temperature superconductivity, it must

be noted that theoretical analysis gives no grounds for rejecting the possibility
of existence of equilibrium (or perhaps metastable) materials with T $ 300 K.

At the same time, it is clear that rather severe conditions must be met to attain
critical temperatures T> Ty N, =77.4K, and no guarantee of success can be given.
In this area we must try, seek, check out all new materials, sandwiches and so

on for superconductivity.

It is possible that success has already been achieved on this path. In 1978 there
were reports [Ref. 7] of "superdiamagnetism'* in appropriately prepared copper
chloride (CuCl) held under a pressure of several kilobars. The "superdiamagnetism'
effect was observed at temperatures exceeding 150-200 K. Whether the observed ef-
fect is genuinely new, or is a result of experimental error or simulation of real
superdiamagnetism is unfortunately not yet quite clear. 1If superdiamagnetism

in CuCl has actually been observed, it might have been due to the occurrence of

a high-temperature superconductive phase, possibly arising in principle upon tran-
sition of certain semiconductors or semimetals to the superconductive state [Ref.
5, chapter 5]. Another possibility is the formation of "sandwiches'" of Cu and
CuCl, or the occurrence of true surface conductivity [Ref. 8]. However, another
entirely different hypothesis has been suggested: apparently there may be sub-
stances of a type as yet unknown with spontaneous currents that must have super-
diamagnetism, but are different from ordinary superconductors [Ref. 8]. The latter
possibility is not yet quite clear even in its theoretical formulation, to say
nothing of experiment. However, it must be noted that even though further investi-
gation of CuCl has not cleared up the problem, high-temperature superdiamagnetism
in this material has nevertheless been confirmed by one other laboratory under
conditions that are so far unclear [Ref. 9]. The difficulty of getting a clear
idea of the behavior of CuCl is nothing exceptional, as I feel is rightly pointed
out in the survey of Ref. 10. There are precedents for complications of this

kind (e. g. in the case of some semiconductors) when dealing with materials that
have properties difficult to control. And here the problem may be impurities, or

*A sufficiently weak magnetic field does not penetrate deep into an ideal
superconductor (this property is called the Meissner effect). Formally, it can
be stated that in the case of the Meissner effect, the magnetic susceptibility,
just as for an ideal diamagnetic material, is Xid = =1/47. 1In ordinary diamagnetic
materials X~110'“—10’6. I call superdiamagnetics (appropriately, I believe) those
materials for which x is comparable with xjq=-1/47, let us say if x ~ (0.01-0.1)
times 1/4m. Although superconductors are superdiamagnetics, the reverse may not
be true, i. e. superdiamagnetism may not necessarily be accompanied by supercon-
ductivity (in the sense of zero resistance to flow of electric current) [Ref. 8].

140
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000500020038-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020038-3

FOR OFFICIAL USE ONLY

various lattice defects or residual stresses. Therefore it is not at all ruled
out that high-temperature superconductivity is what has been observed in CuCl.

And moreover, in 1980 a strong diamagnetic effect analogous to that described for
CuCl was observed at liquid nitrogen temperature (Tb,Nz=77-4K) in CdS crystals
treated by the method of pressure quenching. In this technique, a pressure of
about 40 kbar was relieved at a rate of greater than 10° bar/s [Ref. 11]. No
details are given in the article on the method used for preparing the specimens
(which might be attributable to the worksite of the authors—-U. S. Army Armament
Research and Development Command, Large Caliber Weapons Systems). Doubtless the

2 result for CdS raises interest both in CuCl and generally in any still totally
enigmatic mechanism of high-temperature superdiamagnetism.

The search for high-temperature superconductors, in contrast to studies in the
area of controlled nuclear fusion, does not require building gigantic facilities.
Therefore success may come in a small laboratory and be a complete surprise to
other physicists. Moreover, perhaps such success has already been achieved in
the case of CuCl and CdS. 1If this is actually the case, we can assume that there
is the brightest outlook for obtaining and studying high-temperature supercon-
ductors.

3. New Substances (Problem of Creating Metallic Hydrogen and Some Other Sub-
stances)

Development of new materials is usually the province of material science or chem-
istry. But the situation changes when dealing with materials like metallic hydro-
gen. Without argument, this is a physics problem, and the solution is unknown.

- There is no doubt that a metallic phase of hydrogen exists at pressures exceeding
1.5-2 Mbar. Probably metallic hydrogen will be superconductive at high tempera-
tures ~100-200 K, which makes this metal even more interesting. The literature
has already mentioned production of metallic hydrogen (see bibliography of Ref. 2),
but on the whole the question is not clear. Specifically, it is not completely
certain that the metallic phase of hydrogen has actually been observed, and most
importantly its properties (in particular with respect to superconductivity) still
remain admittedly unknown. The main difficulty involves setting up pressures
greater than 2-3 Mbar. This can easily be done by using sheck waves, but gener-
ally speaking this is accompanied by heating, to say nothing of the difficulties
of measuring a number of parameters of the metal in a very short time. On the
other hand, under quasi-equilibrium conditions the necessary pressure can be pro-
duced by simple presses in small volumes (between miniature anvils), but there

are no suitable materials for doing this. Even diamond begins to "flow'" at such
pressures [Ref. 12]. Apparently a new approach is needed here. One way or anoth-
er, it is still a long way off before we make a "piece" of metallic hydrogen.

As another example of an "exotic'" material, Ref. 1 mentioned anomalous (super-
dense or polymeric) water, whose existence was being widely debated in the litera-
ture at that time. For this reason, it was remarked in Ref. 1 that "the question
must be considered open, although in my opiximn, research [references to the 1lit-
erature were given here-~V. G.] does not offer much hope for the existence of

pure polymeric (superdense) water. But regardless of the final outcome, studies
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that have already been done clearly show how difficult it is to solve even such

a problem as the possibility of occurrence of a new phase of one of the most
widespread substances... This example is instructive in many respects, in particu-
lar as a reminder that any discovery should be considered finally established

only after repeated and comprehensive verification."

This quotation, expressing doubt in the existence of anomalous water, even though
the question as a whole was considered open, prompted some authors of papers on
anomalous water to write to USPEKHI FIZICHESKIKH NAUK (special letter, Vol 105,
1971, p 179). 1In this letter I was advised "not to draw hasty negative conclusions
that may be tempting because of simplicity, but are based on incomplete, biased
and uncritical use of literature on the question." However, just a short time

has elapsed, and the question on anomalous water has been "closed": it turns
out that the liquid being studied was ordinary water containing a number of im-
purities.

I have taken up this episode here only because I wanted once more to emphasize

how important it is to verify experimental data from many aspects, particularly
when far-reaching conclusions are being drawn on the basis of such data. The
authors of pertinent papers are right to publish them, for they risk more than
anyone else in so doing. In addition to being objective, it is still more impor-
tant that. the publication permits more rapid verification in other laboratories.
Therefore, in my opinion one should not severely denounce (as is sometimes done)
authors who have published incorrect work if, of course, they have made a mistake
in good faith, and their experiments have been done on the whole at a proper level.
But by the same token, no one has a right to demand that "discoveries" be recog-
nized as such before they have been confirmed in several places. Within reasonable
1imits, authors have a right to err; but those around them have no less of a right
to be dubious.

4. Metallic Exciton (Electron-Hole) Liquid in Semiconductors

In Ref. 1, the topic of this section was set apart from others in the field of
semiconductor physics, and I feel that there were grounds for doing this. But
now the problem has been basically solved (or, if you will, "earned our confi-
dence™): metallic exciton liquid has been created in semiconductors and to a
great extent has been studied. This problem has even been covered in a special
monograph [Ref. 13a] that came out in the English original in 1977. To be sure,
the situation is far from complete (but this can be said in nearly all cases);
some essentially new problems have arisen (involving quasi-one-dimensional and
quasi-two-dimensional semiconductors; see Ref. 2 and the literature cited there).
Nonetheless, we would scarcely be justified today in citing the problem of metallic
exciton liquid as the sole representative of semiconductor physics and almost

all of solid state physics. Metal-dielectric phase transitions and disordered
semiconductors are of great interest and are being studied on a broad front [Ref.
13b]. We could also mention here the so—-called spin glasses and quantum crystals,
as well as laminar and straight-chain compounds (materials).

5. Phase Transitions of the Second Kind (Critical Pressures). Some Examples

Strictly speaking, phase transitions are not a single problem, but something
broader. To be sure, since all phase transitions have common features, we can
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single out a general theory of phase transitions. In such a theory, typical tran-
sitions of the first kind in which (and near which) the thermodynamic potentials
of phases have no singularities, are in no way remarkable (unless we are dealing
with superheating and supercooling, formation of nuclei and the kinetics of tran-
sitions). But transitions of the second kind, transitions of the first kind that
are close to them (having in mind for example a fairly low latent heat of tran-
sition, which is zero for transitions of the second kind) and critical points

do have singularities, and have attracted consjderable attention for a long time.
To be sure, the singularity in the thermodynamic potential is by no means always
sharply pronounced, and in a number of cases (as an example for the transition

to the superconducting state, and usually for magnetic and ferroelectric tran-
sitions) a fairly simple theory is applicable in which fluctuations are disregarded
and the singularity is ignored. Such an approach, which can be traced back to
van der Waals, Weiss and others, was systematically developed by Landau, and is
frequently called the Landau theory of phase transitions [Ref. 14]. The fact

that such a theory diverges from experiment near the critical point in a liquid
was noted even at the turn of the century [Ref. 15a]. A clear example of a tran-
sition to which the Landau theory cannot be applied is the A-transition in liquid
helium (meaning the transition HeIZHeII in liquid “He).

The creation of a theory of phase transitions of the second kind and critical
phenomena that properly accounts for fluctuations and generally enables description
at least in principle of all real transitions, has turned into one of the most
fundamental problems of the physics of condensed media. The task has been formi-
dable. Nevertheless, even in the sixties some progress was made, and this suc-
cess has been reinforced in the past decade. The introduction of so-called criti-
cal indices, the use of gage invariance hypotheses, the development of rather
powerful methods of approximate calculation of critical indices in combination
with numerous more exact measurements of different quantities close to transition
points--all has brought about a considerable advance in the theory of phase tran-
sitions. Since the principal achievements of theory in this field have been re-
flected in the theoretical physics course of Ref. l4a (see also Ref. 14b), we

will not take them up here.

The problem that we must not overlook here is as follows: to what extent can

the theory of phase transitions at the present time be considered basically com-
plete? Of course, the answer to this question does not at all demand the capa-
bility of exact calculation, say, of the critical indices--any exact calculation

of specific constants or coefficients in the field of physics of the condensed
state is the exception rather than the rule. But certainly we ought to be able

to ask that the theory give us the capability of unified examination of all thermo-
dynamic and kinetic processes and phenomena in the near vicinity of a transition
point. In this connection, the coefficients in the corresponding equations can

be matched within certain limits on the basis of experimental data. If we approach
the theory of phase transitions even with such somewhat constraining requirements,
we cannot but acknowledge that this theory is still far from complete. Without
going into kinetics, even in the thermodynamic aspect when using critical indices,
the questions of the region of applicability of given limiting laws with increas-
ing distance from the transition point frequently remain unanswered.* But the main

*For example, the density of the superfluid part of HeIl near the A-point,
which corresponds to temperature Ty, is written in the form pS(T)=const(T—TA)28,
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point is that the theory is usually limited to homogeneous medium, whereas there
are numerous cases that are of interest in which there are granules or defects,
inhomogeneous external fields are present, and so on. Finally, there are a number
of kinetic and dynamic problems (flow in liquid crystals and in helium, propaga-
tion of sound, relaxation of some quantities) that must be solved even near the
phase transition point, and in fact are of particular interest just when they
are close to this point. In the light of such natural requirements, the imper-
fections in the theory of phase transitions are particularly glaring. This can
be seen specifically in research on superfluidity in helium II near the A-point
[Ref. 16], although in this case the theory has apparently advanced further than
in other areas.

Thus the problem of phase transitions remains outstanding and significant within
the framework of development of the general theory as well. But in addition to
this, the problem pertains to some extent both to specific transitions, and to
some phenomena near transition points. An example of such phenomena is light
scattering that has a number of interesting peculiarities close to transition
points [Ref. 17]. The same thing can be said about scattering of x-rays and neu-
trons.

As to individual phase transitions, or even transitions in a whole class of sub-
stances, the past decade has indeed brought much that is new. Let us mention

here the "disproportionate' phases in ferroelectric and magnetic materials [Ref.
15b], phase transitions in liquid crystals, quasi-one-dimensional and quasi-two-
dimensional materials, phase transitions on a surface, phase transitions in liquid
34e and in atomic hydrogen. A separate article could and should be devoted to
each of these questions, as has already been partly done in the pages of USPEKHIL
FIZICHESKIKH NAUK and other journals. Therefore, I shall not even attempt to
explain anything with regard to all the enumerated cases, but will restrict myself
to a few comments on liquid 3He and atomic hydrogen (however, see section 6 below).

The possibility that "pairs" of two atoms with integral spin might be formed in
1iquid *He (as occurs in superconductors) has a long history of discussion. The
formation of pairs with integral spin and their subsequent Bose-Einstein conden-
sation should lead to superfluidity analogous to superconductivity (as we know,
superconductivity can be considered as superfluidity of a charged electron fluid
in metals, or of a proton fluid in neutron stars). However, theoretical attempts
have been unsuccessful in getting reliable estimates of the temperature of super-
fluid transition, and experimental results have been in large measure unexpected.
For example it was found in 1972 and 1973 [Ref. 18] that not just one, but two
phase transitions occur in liquid 34e (albeit at a pressure exceeding 34 atm)
at temperatures of approximately 2.6-10"% and 2.0-10"% K respectively. Then it
was learned that it was a matter of transition to superfluid states differing

- from one another in the total angular momentum of "pairs'. The attraction leading
to pair formation is apparently mainly exchange interaction (forces of the same
type lead to ferromagnetism). Studies of superfluidity and other effects in liquid
3He (and we should say that this isotope is quite rare; its occurrence in nature

where the critical index B is close to 1/3 (experimental data imply 28=0.67% 0.01).
But what is the accuracy of such an expression for ps(T), especially with increas-
ing distance from the A-point?
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is several orders of magnitude less than that of isotope “He) that have been done
in recent years are striking in their subtlety and scope [Ref. 18]. After all,
this work involves temperatures less than 3 mK away from absolute zero, and an
object (superfluid *He) distinguished by great complexity (compared with superfluid
l‘He) due to the presence of orbital and spin moments. I am inclined to think

that in the physics of condensed media the advances in research on liquid *He

are perhaps the most impressive over the last ten years.

Let us also take up the possibility of superfluid transition in atomic hydrogen
gas, since this example is fairly interesting, although apparently of much less
general physical significance than transitions in 3He. Atomic hydrogen gas, if

it is somehow produced, under ordinary conditions is rapidly converted to molecular
hydrogen gas (H,). However, atomic hydrogen gas can "last" for several minutes

at a low temperature TS 1 K in a vessel whose walls are covered with superfluid
helium II. And if the gas in addition is held in a fairly strong magnetic field,
the stability of atomic hydrogen is enhanced [Ref. 20], and apparently under at-
tainable conditions we can disregard recombination (the reason for this is well
known: in the H, molecule the spins of the electrons are directed opposite to

one another; in a strong magnetic field the spins of all electrons are in the

same direction, and to form the H, molecule the spin of one of the atoms must

be flipped, which is not easy to do). Atoms of H with paraliel spins in the ground
state repel one another (more precisely, there is some van der Waals attraction
between atoms at great distances, but it is weak). Therefore such a gas at atmos-
pheric pressure is not liquefied right down to absolute zero. At the same time,

in a Bose gas of H atoms at low temperature depending on its density, Bose-
Einstein condensation should take place, and the resultant phase should be super-
fluid (here it is significant that the gas is not ideal, and accounting for the
corresponding interaction is what leads to superfluidity).

There is no doubt that the problem of phase transitions on the whole remains one
of the main directions in physics.

6. Surface Physics

The physics of surfaces and of various processes and effects on a surface has
been under study and development for more than a decade. It is already clear
from quite general considerations taat atoms and electrons on and near a surface
are under different conditions than in the volume, and therefore there are grounds
for assuming that on the surface there may be new phases, different transitions
between these phases, new types and branches of excitations, and so on. In this
connection, "new" is understood to mean phases and excitations different from
those that are volumetric. For example on the surface (including the thin layer
near the surface), the crystal lattice may have another structure and/or param-
eters, there may be magnetic ordering in the surface layer that is absent in the
volume at a given temperature and so on. The possibility of propagation of a
variety of surface waves is also known (acoustic waves, polaritons, magnons) [Ref.
21]. Closely related are the properties of thin films and layers, especially
monomolecular layers, as well as the question of surface behavior of individual
atoms, molecules, defects and inhomogeneities.

Nonetheless, ten years ago in Ref. 1 there was no section on surface physics,
and although it did show up later in Ref. 2, it was quite modest. Tt is, of course,
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debatable whether such inadequate attention to surface physics was justified in
Ref. 1 and the booklet [Ref. 2]. And the same applies to a number of other prob-
lems that have been set apart here. But one way or the other, special mention
and emphasis of the role of surface physics at the present time is absolutely
necessary. The reason in general is that in recent years what has seemed merely
possible is becoming a reality because of progress in experimental techniques.

We have learned, at least in some cases, how to produce a clean surface and check
its state (degree of roughness and the like), methods have been newly developed
or considerably improved for studying the surface and near-surface layer, atoms
on the surface and surface inhomogeneities (steps and so on). Let us mention
such methods as the LEED technique (low energy electron diffraction), ARPS (angle
resolved photoemission spectroscopy), inelastic scattering of ions with energy

of the order of 1 MeV, electron microscopy, analysis of surface acoustic waves
and surface polaritons (surface electromagnetic waves [Ref. 22]). Also known are
some other methods involving the use of light, x-rays and neutroms.

A great deal of progress has already been made. Surface magnetic ordering has
been observed. Particularly noteworthy are studies of inversion layers on the
Si-Si0, interface, properties of electrons on the surface of 1liquid helium [Ref.
22], investigation of surface polaritons [Ref. 21] and reconstruction of some
crystal surfaces [Ref. 22, 23].

Here we take surface reconstruction to mean a change in lattice parameter for
atoms that are situated on the surface. For example on the surface of Si (face
111) under certain conditions the lattice parameter is seven times greater than
in the volume. It is possible that in examining the effect of reconstruction
in many cases it 1s important to consider the role of surface electron levels.

Studies of phase transitions in two-dimensional and quasi-two-dimensional systems
are impressive both in scale and in significance. Strictly speaking, this problem
is not new, but is, so to speak, gathering momentum [Ref. 22, 24, 25]. The tasks
here are quite diverse, and are of course intimately related to surface physics.

There is no doubt that surface physics is on a steep climb and will bring us much
that 1s new.

7. Behavior of Matter in Ultrastrong Magnetic Fields. Investigation of Very Large
Molecules. Liquid Crystals

The problems mentioned in the heading of this section have little relation to

one another, none of them was mentioned in Ref. 1, but they were included in Ref. 2.
Unification of these three problems in a single section stems merely from the
reluctance to go into any of them in detail. At the same time, 1 did not wish

to simply omit them as I have done with many others that go beyond the scope of

this article.

Ultrastrong magnetic fields are those in which the structure of atoms, molecules
or condensed substances formed from them are determined to a great extent by the
magnetic field rather than by Coulomb forces. Such a situation arises when the

Zeeman (magnetic) splitting between levels exceeds the distance between the levels
in the absence of a magnetic field. For the hydrogen atom the characteristic
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difference of energies between levels in the absence of a field (or in a weak
field) is Ez~-e"m/2h%~ 10 eV. On the other hand, Zeeman splitting is Eg ~ eh/mc ~
10~ °H eV (here field strength H is measured in oersteds or gausses since H could
also mean magnetic induction B). Obviously Ey>>E, when H>>e3m?c/hd = (e? fhc)? x

- (mc/eh)mc? ~ 3-10% Oe. For heavy atoms, the right-hand member of this equation
contains a factor z° (Z is atomic number).

As is clear from this estimate, the problem of the behavior of matter in ultra-
strong magnetic fields was to some extent abstract before the discovery of pulsars
(1967-1968). But we now know that on the surface of magnetized neutron stars
(pulsars) the magnetic field reaches values of H~ 1012-101% Oe. Thus the surface
layer of neutron stars, and especially of pulsars is in a strong field (the field
at the surface of some neutron stars may not be so strong). If iron is predomi-
nant in this layer, as is quite probable, such iron is a material quite unlike
anything that we know, apparently consisting of Fe,; molecules stretched out along
the field, forming some kind of polymer structure with large binding energy. The
latter is significant for the entire electrodynamics of pulsars since it determines
the possibility of electrons and ions being torn from the surface (see some litera-
- ture cited in Ref. 2).

Fortunately, the matter is not limited to the surface properties of neutron stars
so far away. While we cannot set up ultrastrong magnetic fields for atoms and
molecules (in the sense described above) in the laboratory, there are situations
where the effect of a magnetic field is stronger than the influence of Coulomb
forces in fields that are accessible right here on earth. For example, the bind-
ing energy of hydrogen-like excitons in semiconductors is meff/me2 times less
than for the hydrogen atom (here mggg is the effective mass of an electron and

a hole, m is the mass of the electron and e is the permittivity of the material).
Splitting of levels in a magnetic field in this case is m/mgff times greater than
for the atom. As a result, the field is ultrastrong for the condition H>>3+10° x
méff/mze2 Oe. At values of mgff~0.1m, e~ 10, which are completely realistic

for a semiconductor, the action of the field predominates at H>>3-10° Oe, 1. e.
even in accessible fields. In general, "exciton matter" can be studied in strong
and even ultrastrong fields in the laboratory.

It is to be hoped that even this discussion will give an idea of the diversity and
extraordinary nature of the problem of the behavior of matter in ultrastrong mag-
netic fields.

Despite the exceptional importance of biological problems for science and for the
development of all human society, we completely omit them here, just as in Ref.

1 and 2. By way of justification, if such is needed, suffice it to quote the
well-known advice not to try to bound the unbounded. There are two reasons that
we mention giant molecules here (proteins, nucleic acids) though they are mainly
of biological importance. First of all, such molecules occupy a certain inter-
mediate place between "ordinary” molecules and a condensed medium, or droplets
and filaments of condensed medium. With certain stipulations, the concepts of
phase transitions, ordering, conduction bands and so on can be applied under such
conditions. Secondly, as far as I can judge, there is still a great lag (compared
with some other areas of physics) with respect to developing effective methods

of analyzing the structure of giant molecules, especially under conditions where
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they are few in number and are in solution or in a mixture with other molecules.
The potential importance of pertinent research is so great that physicists ought
not to forget it.

Liquid crystals have been known for a long time. But I remember when physicists
treated them as a sort of oddity: will wonders never cease--crystal and liquid
at the same time. The availability of a large number of simpler objects for re-
search, lack of engineering applications brought about a situation leaving the
study of liquid crystals in the dark. Now the situation is quite different.
Liquid crystals are extensively used in technology, play a large part in biology,
and finally, liquid crystals of various types and the phase transitions in them
have been of interest for various studies in the field of physics of condensed
media. The interest in liquid crystals is unabating.

8. X-Ray, Gamma and New Kinds of Optical Lasers

This section was also missing in Ref. 1, despite the fact that interest in lasers
in science and engineering is enormous, and has not slackened for about twenty
years. However, although the development of laser technology as well as applica-
tions of lasers (including nonlinear optics) comprises an extensive physical and
technical problem, there is still little to choose from when it comes to material
for this article. Lasers of fundamentally new types and those with powers several
orders of magnitude greater than conventional lasers are another matter (it is
quite probable that attainment of such high powers will require new methods and
principles).

And by the way, here we can clearly see the arbitrary nature of any list of "Par-

ticularly important and interesting problems.” In nearly every field of physics

and astrophysics, a jump by several orders of magnitude, and sometimes even by

one order, is a big problem in itself, though far from always realistic. One

of many examples is in high-pressure physics. Pressures right up to about 1 Mbar
- have generally been mastered, but as we pointed out in section 3, we have not
managed to go much further in the static mode, and here we are running into funda-
mental difficulties. Getting to static pressures of 10 Mbar in volumes that are
not too small and with control would be a breakthrough. But there is no such
problem in our list (at least not in explicit form) since an actual physical prob-
lem is more than mere wishes and conversations.

Returning to our topic, we note than in recent years a great deal is being written
about free electron lasers [Ref. 26]. This refers to realization, «nd in some
cases considerable development of the rather old idea of generating electromagnetic
waves by a beam of relativistic electrons passing through an undulator or wiggler
(in the simplest version, this is a system of magnets that creates an alternating
field along the beam, shaking the electrons in the beam). It is difficult to

see the analogy with lasers in systems of this type, and the term "free electron
laser" seems a misnomer. But of course we are not dealing with names. It is
quite possible that the "free electron laser'" will be of practical interest in

the field of microwaves and optics. As to the transition to the x-ray region

of the spectrum, here the effectiveness of a device of the undulator type using
dense relativistic beams still remains entirely problematical.
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It should be noted that the problem of making very powerful x-ray sources has

in general been solved by using synchrotrons (the same end can be attained by
using an electron linac combined with an undulator, or by setting up an undulator
section in the synchrotron). But usually this means incoherent emission of indi-
vidual electrons. However, one would like to use coherent emission as in the
laser, and to have the capability of achieving a high degree of monochromaticity.
Such a device, the analog of the laser in the x-ray region, could be called the
xaser, and in the case of gamma rays the term gaser could be used.*

In systems with an electron beam, coherence 'works'" only ir sufficiently dense
beams, and under a number of other conditions that are hard to realize in the
x-ray region. It is in this sense, i. e. in the sense of a coherent "free elec—
tron laser" that we called attention above to lack of clarity in the transition
to the x-ray region of the spectrum (and it is only when coherence is used that
the name makes any sense).

Besides dense electron beams, it has been suggested that xasers could be made

by using atomic transitions, and gasers could use transitions in atomic nuclei.
Ref. 2, section 7 contains some information relating to this. As far as we know,
there have been no important advances in this field recently. All the same, the
paths that have been brought to light already in the literature are very complex
(it is reasonable to include among such paths, for example, those associated with
the use of atomic explosions).

Not all dreams become reality and are of practical interest besides. Therefore
it is entirely possible that xasers and gasers will never be built, or in any
event will not find wide application. But who knows... Some unexpected idea,
as has often happened in the history of physics, could in principle radically
alter the situation.

9. Superheavy (Far Transuranium) Elements. "Exotic' Nuclei

In Ref. 1, nuclear physics was not only included in the "macrophysics" section,
but was represented only by a single problem (superheavy elements). Both were
debatable, and it is now clear that there are more problems of 'particular impor-
tance' in the area of nuclear physics in any event. Therefore, Ref. 2 already
contained the heading "exotic nuclei."

The problem of the search for superheavy elements has not undergone any appre-
ciable changes (with a reservation that will be clear from the following). To

be sure, a report appeared in 1976 in one of the most prestigious physics journals
(PHYSICAL REVIEW LETTERS) on occurrence of quite stable elements with Z =116,

126 and others. However, this paper was in error. But the only ones safe from
error are those who do nothing. We already pointed out in section 3 that such
errors should not be dramatized. Articles cited in Ref. 2 shed light on the ways

%As we know, the word "laser" is an acronym formed by the first letters of
words in the phrase "light amplification by stimulated emission of radiation.”

- Therefore it would be inconsistent to use the terms "x-ray laser" and "gamma laser."
The words "xaser" and "gaser" result from substituting "x" (x-ray) and "g" (gamma
ray) for the letter "1" (light) in "laser." But of course terminology is a secon-
dary matter, the moreso as we are not yet dealing with actual devices in the case
of xasers and gasers.
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being used in attempts or hopes to synthesize or detect superheavy elements. We
can add here only that a report appeared in late 1980 [Ref. 27] on possible obser-
vation of a track of a nucleus with Z>110. The track was detected in an olivine
crystal of meteoric origin.

Nuclei that are part of cosmic rays leave tracks in crystals that are revealed

by special treatment (in particular by etching and annealing). The length of

the tracks depends on the atomic number of the nucleus. In Ref. 27, about 150
tracks of nuclei of the uranium group were observed with lengths of 180-240 im.
In addition, the above-mentioned single track was observed with length of 365 um,
which corresponds to a nucleus with Z2110. Of course this result must be con-
firmed by finding other such tracks, and also by additional proof of the state-
ment that we are actually dealing with a nucleus with Z2>110. If the observed
track indeed belongs to a nucleus with Z2>110, then the occurrence of such nuclei
relative to the occurrence of uranium nuclei is of the order of 1073,

As concerns other problems from the field of nuclear physics, it should be noted
that investigation of the nucleus in some cases sheds light on the interaction
between nucleons, and between nucleons and leptons [Ref. 28]. Considerable atten-
tion is being given to nuclear matter, which exists primarily in neutron stars.
Here there is an obvious connection with astrophysics (see for example Ref. 29).
Of considerable interest is the possibility being discussed in the literature

of existence of nuclear matter and atomic nuclei with density exceeding the usual
value by a factor of two or more (see some citations given in Ref. 2). In known
nuclei, such a dense phase is apparently not realized, but prospects are being
discussed for observing its "precursors' in certain nuclei (it is known that

a phase transition influences the properties of matter even before the transition
point is reached) [Ref. 30a]. Considerable attention is being given in recent
years to collisicns of relativistic heavy nuclei. In general, there is no doubt
that investigation of the atomic nucleus, as formerly, is associated with a number
of fundamental physical problems (see also Ref. 30b).

V. Concluding Remarks

Before the author's mental gaze, and I hope that of my readers as well, has flashed
a decade full of intense work by physicists and astronomers. Ten years is a long
time to a person. For a young person, because ten years ago he might not yet

have been an adult. For an older person, a decade in science is also a long time,
but for quite another reason: there is less and less chance of prolonged partici-
pation in the development of science, or even keeping track of such development.
However, if we can set aside our subjective perception of time and its passage,

a decade in sciences is not so much. Let us recall that special relativity theory
is about 75 years old, general relativity theory--65, and quantum mechanics--55.
And at the same time, it is these theories that lie at the foundation of contem-
porary physics. Superconductivity was discovered in 1911, and cosmic rays in 1912.
Yet even today both these problems are at che center of attention, and are being
studied by many more people than in the first two or three decades after their
discovery. Thus the time scale in contemporary physics is longer than an active
human lifetime, to say nothing of a decade. Let us add that the complexity of
some modern experimental facilities (accelerators, space-station observatories,
ground-based optical and radio telescopes, and so on) is such that at least
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ten or fifteen years have elapsed between the time of the initial planning stage
and final completion.*

Ih light of what has been said, it is natural that over the decade separating
Ref. 1 from the present article, even though much that is new has occurred, still
most of the problems remain on our list. It is true that considerable changes
have occurred in microphysics, but this apparently makes the intervening years
exceptional (however, many of the new ideas came up earlier, e. g. the quark hy-
pothesis in 1963-1964).

Thus a decade in the development of physics and astronomy, though not extremely
long, nevertheless has been witness to much that is new.

Therefore, it seems to me, if this article was worth writing at all as a kind

of continuation of Ref. 1, then it has been appropriate to do it just now, ten
years later. But should these articles have been written? I leave that to others
to judge. Let me just say that the writing has been an interesting challenge

for me. The burst of growth in physics and astronomy has been so great that it

is no easy matter to trace that growth in even a score of areas and problems,

as have been singled out in this article. On the other hand, in any given period
it is possible to treat only one or two problems profesicnally, so to speak, going
into details. 1In this regard, work on an article such as this one gives occasion
to become acquainted, if only fleetingly, with a lot of material of wide scope.
One learns much that is interesting, the trees no longer overshadow the forest,
the outlook for the future can be seen, the latitude and at the same time the
profound unity of physics, the wealth of its content become clearer. If some of

my readers share these feelings to any extent, the purpose of the article will
have been achieved. I invite constructive criticism from those who read the arti-
cle but are partly dissatisfied or even irritated. Such criticism, I feel, should
come down to the writing of other articles, short or long, in which various prob-
lems and questions are treated otherwise than here, put in a new light. I think
that this is just what many readers of USPKHI FIZICHESKIKH NAUK want.

In conclusion, I want to take this opportunity to thank all those who made com~
ments after reading the article in manuscript. Just as in Ref. 1, their names
are not mentioned lest I impose upon others, even indirectly, the responsibility
for the content and inadequaciles of the article.

REFERENCES#**

*To avoid overloading the article, we will not make any other comments here
relating to the development of physic= and astronomy. The author's opinion on
this account is clear from Ref. 2, 78 (let me note that I have changed my mind
regarding the nature of the "second astronomical revolution" as expressed in Ref.
2, and now hold the view presented in Ref. 78).

%*%A rather large number of references to the literature on almost all of the
questions dealt with in this article can be found in Ref. 2. Besides, in many
cases additional references can be found by looking through the indexes of articles
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in the December issue of the journal.
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UDC 519.95
OPTIMUM CONTROL OF SYSTEMS WITH INDEFINITE INFORMATION

Sverdlovsk OPTIMAL'NOYE UPRAVLENIYE SISTEMAMI S NEOPREDELENNOY INFORMATSIYEY in
Russian 1980 (signed to press 12 Sep 80)pp 2, 145, 147, 149, 151

[Annotation and abstracts of articles from book "Optimum Control of Systems With
Indefinite Information", edited by L. N. Petlenko, Ural Science Center, USSR Acad-
emy of Sciences, 1000 copies, 152 pages] .

[Text] An examination is made of mathematical problems of control and observation
under conditions of uncertainty. The articles of this collection can be put into
three major divisions. The first of these comprises papers in which an investiga-
tion is made of problems of observation, the properties of information sets are
studied, problems of identifying the parameters of controlled systems are examined.
The second division presents results relating to the theory of differential games.
Here an investigation is made of solutions of positional game problems of control
based on program iterations, optimum strategies are constructed for some types
- of differential games. The third division contains papers where an investigation
is made of game problems of control in the case of incomplete phase information
and problems of controlling information sets.

The collection may be of interest to specialists working in the field of mathemati-
cal control theory and its applications.

UbC 519.9
APPROACH TO DEFINING DYNAMIC GAMES IN THE LANGUAGE OF GENERALIZED DYNAMIC SYSTEMS
[Abstract of article by Baydosov, V. A.]l

[Text] It is shown that any family of motions with Markov properties that is gener-
ated by the strategy of one of the players uniquely determines a generalized dy-
namic system. This enables formulation and investigation of problems of dynamic
games by using generalized dynamic systems. References 6.

UDC 517.9
MINIMAX PROGRAM CONSTRUCTION IN DIFFERENTIAL GAME
[Abstract of article by Batukhtin, V. D.]

[Text] The author considers a procedure for constructing sets of minimax positional
absorption in a nonlinear game problem of approach. A relationship is established
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between minimax positional and programmed absorption. A model example is presented.
References 4.

UDc 519.9

EVALUATING WEIGHTING FUNCTIONS OF LINEAR CONTROLLED SYSTEMS FROM MEASUREMENT RE-
SULTS, PART 2

[Abstract of article by Isakov, A. I.]

[Text] An examination is made of the problem of evaluating the parameters of linear
controlled systems from results of observation of a linear signal that delivers
information on the phase vector of the system. Equations are presented for de-
termining the compatible region of weighting functions. References 8.

UDC 519.9
INFORMATION SETS OF QUASILINEAR SYSTEMS
[Abstract of article by Kayumov, R. I.]

[Text] The author examines a system with motion described by a differential equa-
tion with indefinite interference that appears nonlinearly in the second member

of the equation. Some properties of information sets of such systems are studied.
References 5.

uDcC 519.9
SOME STABLE BRIDGES FOR LINEAR CONTROLLED SYSTEMS
[Abstract of article by Kryazhimskiy, A. V.]

[Text] The author points out an auxiliary construction used for solving some
classes of linear game problems. References 6.

uDC 519.9
CONSTRUCTION OF OPTIMUM CONTROL OF MOTION IN A PLANE POTENTIAL FIELD
[Abstract of article by Kukushkin, A. P.]

[Text] An examination is made of the speed problem for a material point moving
under the action of a potential force and a controlling force normal to the tra-
jectory. Equations of the principle of the maximum are reduced to a second-order
linear differential equation. A relation is demonstrated between the -initial prob-
lem and the solution of the equation for normal variation of the trajectory and also
the curvature of the generalized bachistochrone. References 6.
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UDC 517.9
AN EXTREMUM TARGETING METHOD IN A MINIMAX DIFFERENTIAL GUIDANCE GAME
[Abstract of article by Loginov, M. I.]

[Text] The author proposes a modification of the method of extremum targeting

in the guidance problem for a conflict-controlled system that is linear with respect
to phase coordinates and nonlinear with respect to controls. When conditions of
regularity are met, a method is given for forming the strategy of one of the players
that guarantees this player a game result no worse than in the programmed maximin
problem for the initial position. References 6.

uDC 519.9

CONSTRUCTION OF EQUILIBRIUM SETS OF STRATEGIES IN POSITIONAL MANY-PLAYER DIFFEREN-
TIAL GAMES

[Abstract of article by Lutmanov, S. V.]
[Text] An examination is made of linear differential games of several players.
Based on a suggested programmed construction, an equilibrium set of strategies
is synthesized for all players without assuming pairwise nonintersection of maximum
stable bridges. References 3.
uDc 519.9
METHOD OF CONSTRUCTING STABLE SETS IN DIFFERENTIAL-DIFFERENCE GAMES
[Abstract of article by Maksimov, V. I.]
[Text] The author gives a method of constructing stable sets for a differential-
functional approach game. The technique is based on a dynamic programming procedure,
and involves the use of smooth functionals that act as a potential. References 10.
UDC 519.9
CONTROL PROBLEM WITH VECTOR QUALITY CRITERION UNDER CONDITIONS OF UNCERTAINTY
[Abstract of article by Nikonov, O. I.]
[Text] The problem of controlling an ensemble (tube) of signal-compatible trajec-—
tories is considered for a linear controlled system that functions under conditions
- of uncertainty. A vector quality criterion is assumed that has components depending

on the realization of cross sections of this ensemble and the time for occurrence
of the process. References 7.
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uDC 519.9
POSITIONAL CONTROL THEORY IN NONLINEAR SYSTEMS WITH DISTRIBUTED PARAMETERS
[Abstract of article by Okhezin, S. P.]

[Text] The author distinguishes a class of conflict-controlled systems described
by ordinary differential equations in Banach spaces. The theorem of the alterna-
tive in the approach-evasion problem is valid for this class of systems. Refer-
ences 9.

UDC 517.9
MINIMAX PROGRAMMED CONSTRUCTION IN APPRACH PROBLEM
[Abstract of article by Ruzakov, V. Ya.]

[Text] The author considers an auxiliary minimax construction. A condition is
given such that the approach problem is solved when this condition is met by an
iteration process. References 8.

UDC 519.9
IRREGULAR INFORMATION GAME PROBLEM
[Abstract of article by Serov, V. P.]

[Text] The author considers a model example of an information game problem of
guidance. An investigation is made of a linear controlled system with interference
that has dynamics of the "boy and crocodile" type. Control is synthesized from

the results of observation of part of the phase coordinates. Solution of the con-
trol synthesis problem is based on extremum constructions of the theory of game
problems of dynamics. A strategy is found that ensures a game result that is optimum
with respect to the minimax of a functional. Figures 3, references 6.

UDcC 519.9
GAME PROBLEM OF GUIDANCE IN THE CASE OF INFORMATION DELAY
[Abstract of article by Filippov, S. D.]
[Text] A game problem of guidance with delay of information is considered for
a linear system of general type. An alternative statement on possible outcomes

of the game is proved on the basis of an analog of the method of extremum targeting
with total recall. References 8.
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uDc 519.9
INFORMATION SETS OF PARABOLIC SYSTEMS WITH QUADRATIC CONSTRAINT
[Abstract of article by Khapalov, A. Yu.]
[Text] An examination is made of a problem of a posteriori observation for a dis-
tributed parabolic system with unknown perturbations at input and output. Two
different methods of observation are discussed. An analytical description is de-

rived for information sets X(8, y(+)) (6>0) that are compatible at time 6 with
the realized signal y(t) (t¢[0. 6]). References 1l.

UDcC 519.9
OPTIMALITY CONDITIONS OF DISCRETE-CONTINUOUS SYSTEMS
[Abstract of article by Chebykin, L. S.]
[Text] Necessary conditions of optimality of controls are obtained in the form
of a maximum principle for a system whose behavior on a given time segment is de-
scribed by a set of differential and finite-difference equations. It is shown
that in the case of a linear system these conditions are sufficient as well.
References 6.

UuDC 519.9

PROGRAMMED CONSTRUCTIONS IN DIFFERENTIAL GAMES WITH INFORMATION STORE
[Abstract of article by Chentsov, A. G.]
[Text] An examination is made of iteration methods of constructing a stable system
of functional sets and values of a game as a functional on histories of a controlled
process for corresponding nonlinear differential games with information storage.
Different iteration methods are compared and an example is proposed of a differential
- game with continuous criterion functional that does not have an equilibrium situation
; in positional strategies. References 6.
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